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ABSTRACT 

The dynamic response of Sandia National Laboratories' 34-m Darrieus 
rotor wind turbine at Bushland, Texas, is presented. The 
formulation used a double-multiple streamtube aerodynamic model 
with a turbulent airflow and included the effects of linear 
aeroelastic forces. The structural analysis used established 
procedures with the program MSC/NASTRAN. The effects of 
aeroelastic forces on the damping of natural modes agree well with 
previous results at operating rotor speeds, but show some 
discrepancies at very high rotor speeds. A number of alternative 
expressions for the spectrum of turbulent wind were investigated. 
The modal loading represented by each does not differ 
significantly; a more significant difference is caused by imposing 
a full lateral coherence of the turbulent flow. Spectra of the 
predicted stresses at various locations show that without 
aeroelastic forces, very severe resonance is likely to occur at 
certain natural frequencies. Inclusion of aeroelastic effects 
greatly attenuates this stochastic response, especially in modes 
involving in-plane blade bending. 
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1.0 INTRODUCTION 

i. i ^iEliai0""^ 

The aerodynamic loading and hence the structural 
response of a Darrieus rotor is essentially cyclic at 

multiples of the rotor speed. However, it has been found 

experimentally that at some locations there can be 

response at frequencies which are not harmonics of the 

rotor speed; these responses are a product of the 

non-steady or turbulent flow through the rotor. 

A procedure to model and to incorporate the effects 
of turbulent flow was recently completed by Indal Tech¬ 

nologies on behalf of Sandia National Laboratories (1, 

2). Application of this procedure to the Indal 6400 

rotor indicated that a turbulence intensity of 10% could 

result in considerable increases in the rms of some 

cyclic stresses at locations influenced by in-plane blade 

bending; this result is in close agreement with experi¬ 

mental data and has encouraged the further use of this 

analysis procedure. 

Inclusion of stochastic effects has also focused 

attention on the importance of aerodynamic damping. This 

damping is a result of interaction between the airflow 
and the structural motion and has been studied by a 

number of previous investigators (3, 4. 5, 6, 7, 8, 9). 
These previous reports have been largely concerned with 

the prediction of flutter instabilities but references 3 

and 9 did also examine the effect of aeroelastic forces 

on the frequency response of a rotor under uniform flow. 

1 
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The erection and operation at Bushland, Texas, of 

the 34-m Test Bed Darrieus rotor wind turbine by Sandia 

National Laboratories and the United States Department of 

Agriculture is an important project. It will allow 

testing of the specially designed airfoils, tapering of 

the blade chord, and confirmation of aerodynamic and 

structural dynamic theories. Sandia National Labora¬ 

tories were, therefore, interested in obtaining predic¬ 

tions of structural response which included the effects 
of both turbulent flow and aeroelastic damping. 

1 •2 ^l-^S.l.i-Y.®.5. 

The original objectives of the project were to 

investigate the effect of turbulence on both the Inda I 

6400 Darrieus rotor and the SNL 34-m rotor. However, it 
became clear that priority should be given to studying 

the SNL 34-m Test Bed and to include both atmospheric 

turbulence and aeroelasticdamping. 

Other objectives were to study the effect of includ¬ 

ing certain additional terms in the aeroelastic formula¬ 

tion and to study the effect of using alternative expres¬ 

sions for the spectrum of atmospheric turbulence. 

1 •3 ^lill"!®"!-0!-^0!!!! 

The Statement of Work to be found in the contract 

document is shown below. 

9. Using a Sandia-suppIied NASTRAN bulk-data deck for 

the SNL 34-m VAWT test bed and the code developed in 

B-1 and B-7, above, study the response of that 

2. 



machine to a turbulent flow with mean wind speeds of 
30 and 45 mph and turbulence intensities of 10% and 

30%. Draw conclusions concerning the effect of 

turbulence on the fatigue life of that machine. 

10. Incorporate the Sandia-deveIoped aeroelastic effects 
in the modelling of the IndaI 6400 rotor. Study the 

impact of these effects on the rotor natural 

frequencies and damping for both deterministic and 

stochastic wind loading. 

11. Study the use of alternative or modified turbulence 

spectra in the code developed in B-1 and B-7, above, 

to investigate the dependence of the structural 
response on the spectra. For each spectrum, examine 

the modal loading at windspeeds of 30 and 45 mph and 

turbulence intensities of 10% and 30%. Determine the 

structural response characteristics as necessary to 

examine the effect of any difference in modal 

loadi ng. 

12. If the studies performed in B-10, and B-11 reveal 

significant effects due to aeroelastic effects and/or 

different turbulence spectra, repeat the study 

performed in B-9, above, utilizing the results of 

B-10 and B-11. 

13. Reformulate the aeroelastic damping effects work of 

Don Lobitz and Tom AshwiI I and examine the rotating 
frame and inertial term contributions to aeroelastic 
damp i ng. 

3. 



14. Determine the impact of these effects on the 

previously-computed response of the SNL 34-m Test 

Bed. 

In June, 1988, a preliminary report, reference (10), 
was issued on this project. That report did not include 

the modelling of aeroelastic forces, but did contain much 

data that will not be repeated in this final report. 
Occasional references will. therefore, be made to the 

preliminary report. 

4. 



2 .0 AT]MqSPHER^C_TURBULENCE 

2.1 S i muj^t^on_of_Tui^buJ^nt_F^ow 

A full description of the preparation of the aerody¬ 

namic loads under turbulent flow may be found elsewhere 

(1, 2, 13) and will not be repeated here. However, a 

summary and the values of some pertinent parameters is 

appropr i ate. 

The double multiple streamtube (DMST) model was used 

with modifications for Reynolds number and dynamic stall 

effects. The aerodynamic loading on the two blades as it 
passed through each of the upwind and downwind discs was 

calculated for a number of rotor revolutions. This 

involved generating vectors of both longitudinal and 

lateral velocity perturbations for each streamtube. 

These vectors were obtained by interpolation between a 

properly correlated set of turbulence vectors associated 

with a spatial array of points (1, 14). As each aerody¬ 

namic loading in the time series for each blade was 

generated, it was decomposed into components of the first 
(approximately) twenty modes of the stationary rotor. 
When completed, these time domain modal loads were 

transformed to the frequency domain and written as auto- 

and cross-spectral densities for input to a NASTRAN 

analysis. The important parameter values used throughout 

the present work are given in Table 1. 

The basic spectrum of turbulence, known as a Kaimal 

spectrum for stable atmospheres, was used as in (15) and 

has the form 

5. 



S(f) = ^Z. cl 
^ I + C£ (fZ)5^ 

where S is the power spectral density, f is the frequency 

(Hz), 0^ is the variance of the process, Z is a refer¬ 
ence height (m), V is a reference wind velocity (m/s), 
and C1 and C2 are constants with the following values: 

c! c2 

longitudinal velocity 11.8 192 

lateral velocity 4.0 70 

TABLE 1 

^B^^I^B5-11^0-!^-1!0^-5!^1^!!0!! 

rotor speed = 37.5 rpm 

mean windspeed = 45 mph 

column loading included yes 

structural damping = 2% 

modal damping: 1st & 2nd flatwise = 2% 

alI others = 0% 

18 of first 20 modes used 

spatial array (vertical x lateral 
grid of points) =7x5 
coherence coefficient (Ref. 3) = 7.5 

lateral motion included yes 

wind shear exponent = 0.16 

time step =0.24s 
rotor revolutions = 16 

ensembi e no. =30 
turbulence spectrum: kaimal (stable), 
specified variance 

6. 



2 
. 

2 Mod^JF^^a^^ons_^n_Ye^s^on_4_^TRES4^ 

The documentation for the original FORTRAN program 

used to simulate the turbulent flow and the subsequent 

stochastic blade loads is to be found in reference (2). 
That program, TRES, has undergone several modifications 
and the present version is TRES4, a listing of which is 

included as Appendix A of this report. Full documenta¬ 

tion of TRES4 will not be given here because of its basic 

similarity to TRES, but major changes and additions are 
I i sled be low. 

1. Suppressed eigenvectors. Whereas the original 
program could suppress those eigenvectors which were 

associated with the lowest variance of loads, TRES4 

allows selection of eigenvectors to be suppressed and 

to be absent in the load file. NSUP is the number of 

vectors to be suppressed and are recorded in the 

vector ISUP. 

2. The formula used for the spectrum of atmospheric 

turbulence can be selected by number in the input 

file. This number corresponds to one of a number of 

expressions to be found in the new function routine 
TSPECT. 

3. The level at which modal cross spectra are ignored 

can now be controlled from the input file through the 

parameter VMIN. This fraction is applied to the 

lowest variance of the modal load auto-spectra and 

all cross spectra which have variances less than that 

value are excluded. 

7. 



4. The parameter CM1N controls the exclusion of 

individual terms in the cross spectra. This feature 
helps to control the size of the input file to 

NASTRAIM. 

5. NSOFT is an input parameter used to smooth the time 

series vectors of windspeed perturbations (see 

subroutine SOFTEN). 

6. Reduced set of blade modes. In order to separate the 

structural requirements of the finite element model 

of the blade from the (usually less demanding) 

requirements of the aerodynamic model, a subset of 

the blade nodes has been introduced. This subset of 

length NZSET is stored in the vector IZSET and is 

read, in subroutine READ 2, from a card which has been 

inserted into the NASTRAN bulk data (see Appendix C). 

7. The calculation of the spectra of turbulence 

(subroutine SIJ) and the decomposition of the matrix 

of turbulence spectra into triangular form 

(subroutine DECOMP) are both processes that do not 

have to be repeated for each member of the ensemble. 

The routines DECOMP and SMOOTH, have, therefore, been 

modified to store the triangular matrix of vectors in 

a file TRES.TMP and to recover it at the start of 

each ensemble loop. 

8. It was found that recalculation of the interference 

factor at each time step for each streamtube of the 

DMST model was not necessary. The present program, 

therefore, calculates the interference factor, or 

VIRW, for the uniform flow case and uses the same 

factor for all subsequent time steps of that 

streamtube. This affects subroutines STUBE and DMST. 

8. 



9. For computing reasons it is not possible to have one 

spatial vector of windspeed fluctuations for each 

streamtube of the DMST model. The original program 

therefore associated the closest spatial vector to 

each streamtube. The present version of the program 

calculates a vector by linear interpolation between 

vectors associated with the four neighbouring spatial 

points (see subroutine VSERIES). The disadvantage of 

this is that interpolation between uncorrelated 

vectors can result in loss of rms of the variable. 
To correct this subroutine SOFTEN adds white noise to 

the vector, as suggested in reference (11), so that 

the variance of the vector is equal to the average of 

the variances of the neighbouring points. 

10. The storage of the current auto- and cross-spectral 

densities at the end of each ensemble loop has been 

reformatted. The auto-spectra are written onto file 
first followed by the cross-spectra. A direct access 

binary format of storage was selected. 

11. The organization of the writing of the output has 

been changed because of other changes and to simplify 

the logic. The new relationships of the subroutines 

are shown in the flowchart in Appendix A. 



3.0 AEROELAST^C_EFFECTS 

3 .1 Malhemaij.£a.l_Modei-lj-n& 

The formulation of the aeroelastic effects was based 

on the report by Lobitz and AshwiI I (3) which in turn is 

based on classical rigid body unsteady aerodynamics (12); 
the same approach was also taken in previous work (4, 

5, 6). The present separate formulation was carried out 

for two reasons: to include rotating frame and elastic 
centre offset terms which had been previously omitted 

(because they were assumed to be negligible), and to 

provide an independent check of the unexpectedly high 

aeroelastic damping predicted by Lobitz and AshwiI I (3). 

Figure 1 shows a typical VAWT airfoil blade and a 

set of local axes. The lift and moment due to a set of 

displacements and displacement derivatives is (12) 

L = QPV^?-^-C^-fcO-Za)+l]b^-bu' + gi2^ 1 V 
- -ZV E72 ^V^ 3 

, (0 

^ s a^V^d.fCM + C6,+ C(«-2a)b^d,b& + a^u .(l.a^b3^ ( ( Ly ZVJ ZV" IV2 ° ZV^J 

where 

Oo = coefficient of lift (per radian) 
P = a i r dens i ty 
V = relative air speed 
b =1/2 blade chord 

10. 
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FIGURE I 
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d = locates the centre of twist (see Figure 1) 

d| = distance by which the forward centre of 

pressure is forward of the centre of twist 
dg = distance by which the rear centre of 

pressure is forward of the centre of twist 
C = Theodorsen function 
U = lateral translation of airfoil (see 

Figure 1) 

6; = rotation of airfoil (see Figure 1) 

The signs used in Equation (1) are not identical 

to previous work but are consistent with directions 
indicated in Figure 1. The Theodorsen function defines 
the phase lag under non-steady conditions and may be 

written (7) 

C(^g[> . 
o.>fe5k2 

. .335k* ] 
kS .o4551 k1- .S2 J kS.o-4551 K1-. .^2 J 

- if •tfr5»'Q455K ^. .^5 * »^k 1 
L 

k^•^"o4W^ ^ + .3 
J 

where k = <ob/V is the reduced frequency and w is the 

frequency of oscillation (rad/sec). For the SNL 34-m 

VAWT the phase angle implied by C(k) is about 13° at the 

mid-rotor and greater nearer the roots. However, other 

terms can combine to make the phase of the Theodorsen 

function significant. 
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In the presence of an ambient windspeed, the air¬ 
speed seen by the airfoil is not constant but has period¬ 

ic terms which, if included, would invalidate the linear 
eigenvalue procedure normally used. A more complex 

Floquet analysis as done in reference (9) would be 

required instead. In this work the airspeed is regarded 

as constant. 

The equations (1) are not in a form suitable for 

immediate use. The local element coordinates to which 

they refer must be expressed in the global coordinates 

used by the finite element program. In addition, the 

equations must refer to the axes and displacements in the 

rotating frame which is used in the structural analysis. 

The transformation between local axes (lower case 

letters) and global axes (upper case letters) is 

X 

Y 

IZ 

(2) 

where, with reference to Figure 1 

[R] 
co&Y o "slhYI 

o i e 

sciv Y o cos Y 
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A position vector (or any vector of displacements or 

rotations) which has components R^ in the rotating frame 

can be wr i tten 

i? s R • P. K, - 

K.(. <-(. 

where repeated indices indicate summation. The time 

derivatives are 

R = R^l + RiJ^e^ 

R. = R^ + 2R^>tC^ + R;,Jlx(JL<,e^ (3) 

where Si is the rotation vector. 

Using equations (2) and (3) the local fixed-frame 

displacements (subscript f) can be written as 

U,t s U,, -JtiT,. COSY 

Qf. = Uy - Z 5L V^ cosy - Ji1 coS^CUr cos y + ^ $»•»> y) 

©y s ©^- JlOyC^Sy ^^ 
&^ s e^,. -zAe^s.nY -J^cosyCe^^cosY+©^ st»>y) 

where a subscript r refers to the rotating frame. 

Equations (4) can then be substituted into equation 

(1) resulting in expressions of considerably greater 

length. The final equations express forces as linear 

functions of displacements or of their first or second 

time derivatives. When moved to the left hand side of 

the equation of motion these terms can be regrouped, 

therefore, as contributions to the stiffness damping and 

mass matrices of the system. They represent the coupling 

between the airflow and the response of the rotor. 

14. 



The finite element formulation followed a course 

similar to that used 
a 1 ong 

The following 6 x 6 st 
(M) matrices were obtained relating the six 

freedom at each end of a 

a,pV2^ 

-a^V2^ 

-<*of^ 

where 

matrices are made up in 

15. 

the beam elements 

' 

b^c\CAc , i>As 
iv& ' v 2V 

0 

0 

0 

0 

-fib^.-diCAc, afc^s 
. 

ZV1 v Eve 

•Illl 11 « -——' • / L v V^ 

" 

-L - 0 - 
0 

. Zv" 

s = s in?, c = 

--C ,^c, o 

V Vs 
0 

& 

0 

0 

d(C ,-abJlc, o 

-ZV23 
0 

0 

0 

0 

^.i ° 3 
° 

in (3) and involved 

assuming linear shape 

iffness (K), damping (B) and mass 

beam. 

--ob^es , bA(C(i-Zfl)+l)s 
' T71 ? E7 

^-^^-bA^CO-ZQ)^ 
Z-V Zy 

- 
o .ob^s ,zt(C 5 3 "V8 &V 

, o ,-<a^+&)b3As,b(C( 
' ^ ZV 

.1 ^ 

• o 
• 

o OP 3 ' 
?^V^ 

e 

0 

0 

0 

,oo ,(^+3;)^- 
ZY1 

cosy. The full 12 x 12 element 

the form shown below. 

ntegrat i on 

funct i ons 

degrees of 

,-C-ajb^ T71 
0 

0 

0 

0 

dil,Cd,-^ 

(«-Za)-n) 
" 

0 

0 

0 

0 

-Zo)d,*<(z) 

• 

^ ' 

n^s1 
Zv1 

. 



K 
IZx.12 

K ! 

.K/e! 

K/Z' 
— —— — 

K 
. 

The above matrices differ from those presented in 

(4) by considering the rotation vector,®, to be influ¬ 
enced by rotating frame effects (just as the displacement 

vector is), and by neglecting terms that combined the 

airfoil drag with the angle of attack. 

3 •2 BLS.S.Ii'n-^^B085. 

A FORTRAN program was written to calculate the 

additional matrix elements for the blades of a Darrieus 

rotor and to format them as NASTRAN DMIG cards (Direct 

Matrix Input) . It was decided not to use the similar 
program used by D. Lobitz for several reasons: Lobitz's 

program combined DMIG cards for aeroelastic terms with 

terms describing rotating frame effects whereas the 

latter are incorporated by DMAP programming at Indal; 

Lobitz's program did not include rotating frame and other 

terms in the aeroelastic formulation; a more thoroughly 

documented program was required. 

An overall flowchart, a listing and some documenta¬ 

tion of the program AEROB5 are included as Appendix B to 

this report. 

The output from AEROB5 can become excessively long 

especially if the blade is made up of many elements and 
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if rotating frame terms are included. To reduce the size 
of output, the program has two features: one is the 

definition of a reduced set of blade nodes (the ZSET), 

and the specification of a minimum magnitude of terms to 

be included in the output. 

3 
. 

3 Damg i ng[ of_Nat^raJIJModes^ 

The addition of non-Hermitian terms to the damping 

matrix of the structure results in mathematically complex 

values of eigenvalues. The imaginary part of the 

eigenvalue indicates the frequency of free vibrations and 

the real part indicates the degree and type of damping of 

free motion; a negative real part corresponds to posi¬ 

tive damping whereas a positive real part implies flutter 
instabiIi ty. 

Eigenvalues and modes of the SNL 34-m rotor were 

extracted for a number of cases in order to check values 

against previous results and to investigate the sensitiv¬ 

ity to new parameters. These results are summarized in 

Table 2 (37.5 rpm) and Table 3 (90 rpm). 

Table 2 shows that at operating speed the agreement 

with results reported by Lobitz and AshwiI I (3) is good. 

In addition the influence of the rotating frame terms and 

the mid-chord/elastic centre offset is shown to be small. 

The results obtained at 90 rpm are compared with 

corresponding results by Lobitz and AshwiI I in Table 3. 

These sets of results are very different. Earlier 
results indicated that at 90 rpm the fundamental flatwise 
modes are lightly or negatively damped. Present results 

17. 



suggest that damping of these fundamental modes is high 

(in the region of 40% structural, or 20% criticaI damp¬ 

ing) and that it is the second torsional mode that 

becomes unstable. The reason for this discrepancy at 90 

rpm is not yet apparent but the close agreement at 37.5 

rpm was considered to justify application of the 

aeroelastic terms to the frequency response of the 

operating rotor. 
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TABLE 2. Natural Frequencies and Damping 
of_SNL34_at_37_5_r5m__ 

VIode 

IP 
1FA 
1FS 
1B 
1TI 
2FS 
2FA 
1TO 
2TI 
2 PR 
3FA 
3P 

n, 
P 
n 

0 

1 

1 

1 

2 

2 

2 

3 

3 

3 

4 

4 

at. fr 
resent 
o aero 

Hz 

.215 

.418 

.428 

.544 

.041 

.666 

.745 

.025 

.599 

.697 

.067 

.189 

equ' 
rei 
wi 

.222 
1 

1 

1 

2 

2 

2 

3 

3 

3 

4 

4 

enc ie 
port 
th ae 

Hz 

.386 

.391 

.537 

.038 

.628 

.711 

.022 

.595 

.682 

.054 

.190 

s 

w: 

ro n' 
a 

0 

0 

0 

0 

0 

0 

0 

0 

0 

(7) 
=4 Hz 
o rot 

= 0 

0 

.186 

.185 

.005 

.005 

.103 

.124 
0 

.010 

.010 

.062 

NOTE: 

structural damping coefficients 
Lobitz 

(7) present report 
w=4 Hz w=4 Hz w=4 Hz 

no rot no rot with rot 
a = o 

aJz.^'o.^__^_a—=_o 

-0.012 
0.173 
0.181 
0.009 
0.022 
0.107 
0.070 
0.005 
0.002 

-0.004 
0.034 

-0.008 

•=4 

ith 
a 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

-0. 
0. 

-0. 

Hz 

rot 
= 0 

003 
178 
186 
012 
024 
110 
067 
005 
002 
005 
035 
009 

w=4 
wit 

a 

- 

- 

Hz 
h rot 
= -.2 
0 

0 

0 

0 

0 

0 

0 

0 
0 

0 

0 

0 

.003 

.179 

.186 

.012 

.024 

.110 

.067 

.005 

.002 

.005 

.035 

.010 

1 
. 

2. 

The work by Lobitz and AshwiI I refers to the "preliminary" 
finite element model of the rotor. The work by IndaI used 
the "11.87" or "as-built" model. The correspondence of the 
higher modes between the two sets may not be exact. 

The "no rot." and "with rot." refers to terms in the 
aeroelastic forces that depend on the rotating reference 
frame. 

3. The variable "a" measures the distance 
and the centre of twist (as a fraction 

between the mid-chord 
of the half chord). 

4. All analyses neglected the inertia terms associated with the 
aeroelastic forces. These were estimated *" l'" ^^^.i;^!Kia to be negIig ibie. 

5. 

6. 

The above results were obtained without any structural 
damping. In practice an overall structural damping coeffi¬ 
cient of up to 0.04 would be appropriate. 

To translate the structural damping coefficients into 
equivalent critical damping ratios, damping values should 
be divided by 2.0. 
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TABLE 3. Natural Frequencies and Damping of 
^LJ.il'S-ilJLL-LE"!______ 

nat. freq. 
with aero 

present report 

structural damping coefficient 

Lobitz (3) present report 
Mode 

IP 
1B 
IPS 
1FA 
1TI 
2TI 
1TO 
2FS 
2FA 
2P 
3P 
2B 

0.209 
0.676 
2.190 
2.220 
2.225 
2.452 
3.798 
3.872 
4.492 
4.702 
5.111 
5.381 

0.012 
-0.014 
0.091 
0.116 

-0.012 
0.014 
0.005 

-0.014 
0.160 
0.109 

0.016 
0.031 
0.400 
0.356 
0.005 
0.062 
0.011 
0.257 
0.167 

-0.036 
-0.021 

0.004 

NOTE^ 

1. Both analyses neglected apparent mass, rotational terms and 

elastic centre offset in the aeroelastic formulation. 

2. The Lobitz (3) analysis referred to the "p 

configuration whereas the present report used the 
conf igurat i on. 

preIimi nary" 
ie "as buiIt" 
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° ^iByQiyB^^-Bi5?0^5 

4.1 ^ElLill0"-3!-3!^-!!!:?!"! 

The structural analysis procedure described in 

Section 2 for calculating the response to turbulent flow 

was applied to the SNL 34-m rotor. The finite element 

model is shown in Figure 2 and a listing is included as 

Appendix C. Eight cases were analyzed for operation at 

37.5 rpm: turbulence intensities at 10% and 30%, mean 

windspeeds of 25 mph and 45 mph, and both with and 

without aeroelastic forces. These eight were augmented 

with deterministic (uniform flow) analyses at the same 

two windspeeds. The values selected for the various 

parameters are listed in Table 1. 

Stresses were obtained as power spectral densities 

at points which were defined to be identical to the 

locations of strain gauges attached to the blades and 

central column. Some of these results are included as 

Figures 3.1 3.6 a, b, c, d, e, referring to locations A, 

H, I, N, Q and T respectively. Results are presented for 

both the "outer surface" and the "trailing edge" which 

are locations defined on SNL's drawing AY-558729 (see 

Figure 4). It should be noted that neither location is 

exactly on a neutral axis and there will appear to be 

some cross-coupling between in-plane and out-of-plane 

bending. 

All of the results in Figures 3.1 thru 3.6 show the 

amplitude spectra of stresses with a resolution of eight 

divisions between harmonic frequencies (this translates 

to a resolution of 0.0781 Hz). Such a resolution is more 

coarse than would normally be used in a data acquisition 

system. 
21. 



Figure Z. Fi'm'te Element Grid for 34-m Test Bed 
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SNL34m 37.5rpm 25mph outer-face at A 
2X structural +2X nodal (flatwise) damping 

A turbulancB - OX r— - S9i psi 
2X structural + aeroalostic dampinq 

D turbulencB - OZ m - 519 pi 
————— turbulence -102 nm - 6»« Mi 
————— turbulence -30X rw • 14-47p8l 

————— turbulence "10X rm " 1106 pal 
————— turbulence -30X nis • zszopsi 

1000 

0.5 1.0 1.5 2.0 
FREQUENCY. Hz 

2.5 3.0 3.5 

SNL34m 37.Srpm 45mph outer- 
22 structural +2% modal (flatwise) damping 

A turbulence - OZ nm • 1065 psi 
————— turbulence -10X me " 2471 psi 
————— turbulence "302 rue " 4870 psi 

3000 

face at A 
2Z structural + aeroalastic damping 

D turbulence - OX rm - ifcAl psi 
————— turbulence -10X me • 177Z pel 
————— turbulence "30Z rus • t57i pel 

0.5 1.0 1.5 2.0 
FREQUENCY. Hz 

2.5 3.0 

Figure 3.1 a. Spectra of Stress Response at Outer Face at A. 37. 5 rpm 
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SNL34m 37.5rpm 25mph trailinq-edqe at A 
71 structural + aeroalastic damping 

Q turbulence • OX rm • Z4tpil 
2X structural +2X modal (flatnisa) damping 

A turbulenca - OX r— • SS7 psi 
————— turbulonca -10X nw - 53op«l 
————— turbulence -30Z r— - "4-9 psi 

^-_L-.»_.-_ «fw »-.—r . turbulence -10X rm • 38ap«i 
turbulence -30X rm • 715 pal 

0.5 1.0 1.5 2.0 
FREQUENCY. Hz 

2.5 3.0 3.5 

SNL34m 37.5rpm 45mph trailing-Qdge at A 
2X structural +2X modal (flatwisa) damping 2X structural * aaroalastic damping A turbu «nc« - OX rw - zeo&p;i '' Q turfaulancB - OX PM - to»l pA 

----- turb" •"'» •lg» "" • »i»4p«l —————turbulanca -10X rm - 1996 Ml 

----- turbulBnca -30X m - tSt7p«l ————— turbulencg -30X ru - 1929 p«l 

0.5 1.0 1.5 2.0 
FREQUENCY, Hz 

2.5 3.0 3.5 

Figure 3.1 b. Spectra of Stress Response at Trailing Edge at A. 37. 5 rpm 
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SNL34m 37.5rpm 25mph outer-face at H 
21 structural +2X modal (flatwise) damping 2Z structural + aeroalastic damping 

A turbulence - 02 rm - 3o2 psi Q turbulencB - OX me- Ee5pfl turbulence -OX rm • 3oz psi 
turbulence •10X r— " 475 psi 

—— turbulence -30X DM • lizi psi 

- 

-_- 
„ 

.„. 
- £65p«l 

turbulence -10X rm • 369 MI 
turbulence -30X rm • T67 (Ml 

————— turbulence •10X m " 475 osi —————turhulanca •inr >>«» • •x.a !L< 

0.5 1.0 1.5 2.0 
FREQUENCY. Hz 

2.5 3.0 

SNL34m 37.5rpm 45mph outer- 
U structural +2Z modal (flatwisa) damping 

A turbulancB " OX r— • •4+ pil 
————— turbulence •10X n— • i»ti pel 
————— turbulence -30X rur • l»«o p«l 

1500 

face at H 
2X structural + aaroalastic damping 

D turbulanca - OX mr • ^<^^. pi 
————— turbulence "10X rm • 609 p«l 
————— turbulanca -30X rnr - isio pel 

0.5 1.0 1.5 2.0 
FREQUENCY. Hz 

2.5 3.0 3.5 

Figure 3.2 a. Spectra of Stress Response at Outer Face at H. 37. 5 rpm 
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SNL34m 37.5rpm 25mph troiling-edqe at H 
22 structural +2!!; modal (flatwise) damping 2Z structural + aeroelastic danipinq 

D turbulence - OX me - (63 pi 
————— turbulence -10X nw • 266 psi 

• turbulence -30X ris •• 5&s psi 

A turbulence "OX riiia - l9T pal 

__——— turbulence -10X mw • MS pal 

————— turbulcnco -30X nw " 696 psi 
1000 

750 r- 

500 r- 

250 A- 

0.5 1.0 1.5 2.0 
FREQUENCY, Hz 

2.5 3.0 3.5 

SNL34m 37.5rpm 45mph trail ing-edge at H 

2X structural +22 modal (flatwise) damping 
A turbulencB " OX nw - lt»75 pel 

————— turbulence -10X r— " io4S psi 

————— turbulence -30X mis " iws psi 

22 structural + aeroelastic damping 
D turbulence - OX fa - iei7 pil 

————— turbulence -10X ms - 1161 pel 
turbulence -30X ms - 1376 psi 

2.5 3.0 0.5 1.0 1.5 2.0 
FREQUENCY. Hz 

3.5 

Figure 3.2 b. Spectra of Stress Response at Trailing Edge at H. 37.5 rpm 
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SNL34m 37.5rpm 25mph outer face stress at I 
2X structural +2X modal (flatfise) damping 2X structural + aeroelastic damping 

A turbulanca - 02 r«ia - 633 psi Q turbulanca - 02 rm - S86p1 
————— turbulanco'•102 rm - 961 psi —————turbulanca-102 rm - 606 fl turbulanca "302 ras - ZSofcpsi —————turbulanca-302 rm •> 1157 p«i 

0.50 1.00 1.50 2.00 2.50 3.00 3.50 
FREQUENCY. Hz 

SNL34m 37. 5rpni 45tnph outer face stress at I 
2X structural +2X modal (flatwise) damping 

A turbulance - 02 rins - 13flo psi 
————— turbulanca -102 riiB " 1970 pel 
————— turbulanca "302 r«8 "4ofe5 pel 

2X structural + aeroelastic damping 
D turbulanca - 02 rm • loza pal 

————— turbulanca -102 rire " 1196 pal 
————— turbulanca -302 rm - 1946 psi 

LU 

a 1500 

0- 

0.50 1.00 1.50 2.00 2.50 3.00 3.50 
FREQUENCY, Hz 

Figure 3. 3 b. Spectra of Stress Response at Trailing Edge at I. 37.5 rpir 
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SNL34m 37.5rpm 25mph trailing edge stress at I 
IT a+r.iii«+iu>n1 .1.71' iiir>r4n1 f'Tln^wtea^ rifninn 11 f>*—.«4-. .__1 j. -.————l--l.i- -1__- 

• 

.-_ 2X structural +2X modal (flatwise) damping 2X structural 
A turbulence - OX rw - 62 psi Q turbu 

1000 

800 

600 

400 

200 

- 

r 

' ' • • i ' • ' ' i • ' ' ' i ' ' ' ' i • • • • i ' ' ' ' i • • ' ' 

operating natural FA FS 1B 1TI ZFS 2FA 1TO 

: frequence | | | | | 

: ^ 
11 \ 
i i \ 
; \ Y 
i i \ 
i i ^ 

< i 
» i 

/ \ 
— it 

- 

i /' i 

i^\ » 

L- ^A——^i=SBS^^^;^- 
: 

+ aeroelastic dam 
lanca • OZ riw - 7 

lance -10Z rM • lo 
lence -30X ri»8 " zs 

/"—1 

pinq 
3 p8l 
3p«l 
1 psi 

0.50 1.00 1.50 2.00 
FREQUENCY. n2 

2.50 3.00 3.50 

SNL34m 37.5rpm 45mph trailing edge stress at I 
2Z structural + aBroclastic danping 

D turbulancB - OZ nro - 271 pi 
22 structural +22 modal (flatwise) damping 

A turbulanca "02 r— - 349 psi 
————— turbulence "102 mis • 463 pel 
————— turbulanca "302 ma " 975 pal 

-_ _- &.—L..1 —__ _«n« ..._. 
_ 

• 
. 

• turbulence-10X rm x Z74p«l 
• turbulanca -302 nr - 44,7 pal 

0.50 1.00 1.50 2.00 2.50 3.00 3.50 
FREQUENCY. Hz 

Figure 3. 3 a. Spectra of Stress Response at Outer Face at I. 37. 5 rpm 
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SNL34m 37.5rpm 25mph outer-face at N 
22 structural +2X nodal (flatwise) damping 

A turbuHnce - OX nu " izi pal 

___—— turbulence -102 r— - 241 fl 
----- turbulence -302 nw - 6«6psl 

1000 

21, structural + aeroalastic damping 
H turbulancQ • 02 FMB • loo psi 

————— turbul«ncs -102 rB» - 13& psi 
• turbulence •30Z me * 394 pel 

FA FS 1B ZFS2FA 1TO 1TI oparoting natural 
FraquancTas 

750 - 

1 
uT 
n 500 - 

250 h 

0.5 1.0 1.5 2.0 
FREQUENCY. Hz 

2.5 3.0 3.5 

SNL34m 37.5rpm 45mph outer-Face at N 
2X structural +2X modal (flatwisa) damping 

A turbulancB - OX r— - t*s psi 

—-—-— turbulence -102 n— - 7o4p>l 

-——-- turbulonca "30X nr - it4l p«l 
1500 

2X structural + acroolostic damping 
0 turbulence - 02 nr • 46>6pii 

turbulence -102 rm • 461 p«l 
turbulence ••302 rm • 715 psi 

0.5 1.0 1.5 2.0 
FREQUENCY. Hz 

2.5 3.0 

Figure 3.4 a. Spectra of Stress Response at Outer Face at H. 37. 5 rpm 
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SNL34m 37.5rpm 25mph trail ing-edge at N 
2X structural +2!! modal (flatwise) damping 22 structural + aeroelastic damplna A tupbuloneB " 02 p—• 29&pei Q turbulanca - 02 riw - fib yg\ 

----- turbulanca -102 r«w - 4Sft pel ————— turbulanca "102 n» • 320 Ml 

----- turbulancB -302 r— " aw psi —————turbulanca -302 rua - c>si psi 
1000 i——i———i———i———i———i———i———i———i———i———i———i———i———i—'—I 

8. 
uS 

0.5 1.0 1.5 2.0 
FREQUENCY. Hz 

2.5 3.0 3.5 

SNL34m 37.5rpm 45mph trail ing-edge at N 
21 structural +2Z modal (flatwise) damping 2X structural + aeroelastic dampinq 

A turbulanca - 02 rns - 2<>44p8l Q turbulanca - 02 mw - 19S4 psi 
*.-.l»>i»*«« •inv w» • ia«a —t &._L..1_— _in« -__ - .*-- '* turbulanca -10X rms • 1836 pal 

turbulanca -302 ris • 17Z3 pel 
turbulanca "102 rms " 19S9 psi 
turbulanca -30X rm - Eotopsi 

3000 

oparating natural FA FS 1B 1TI 
fraquancYas || | Q I 

2FSZFA 1TO 

2500 - 

,, 
2000 - 

8. 

ul 
0 1500 - 

=a 

a. 
1000 \- 

0.5 1.0 1.5 2.0 
FREQUENCY. Hz 

2.5 3.0 3.5 

Figure 3.4 b. Spectra of Stress Response at Trailing Edge at M. 37.5 rpm 
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SNL34m 37.5rpm 25mph outer-face at Q 
2X structural *2H modal (flatulse) daniping 

A turbulence • 01 MM • &ss pel 
22 structural * oeroelastic doinping 

Q turbiilence - OX r— - <"•«> pi 

----- turbulence -102 me - l<^i psi turbulsnca -102 rn • 7is p«i 
turbulencQ -30X rua • (263 psi 

----- turbuloncQ -30Z ms " ZfeSE psi 
1000 

0.5 1.0 1.5 2.0 
FREQUENCY. Hz 

2.5 3.0 3.5 

SNL34m 37.5rpm 45mph outer stress at Q )m 

2Z structural +2X modal (flatwise) damping 
A turbulence— OZ ni» • /ssopsi 

2X structural + aeroelastic damping 
D turbulence - OX rm - IZ)4 pel 

—————turbulence-10Z riM - iSfaTpsi 
turbulence "302 rw " 222.fep»l 

————— turbulence "102 rie • &1&3 pel 
————— turbulence -30% ms " 4Sfc5 psi 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 
FREQUENCY. Hz 

Figure 3.5 a. Spectra of Stress Response at Outer Face at Q. 37. 5 rpm 
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SNL34m 37.Srpm 25mph trailinq-edqe at Q 
2Z structural +2X modal (flatiiisa) doiiping 2Z structural + aeroelastic daBplna A turbulanco - OX r— - 266 pel Q turbulence - OX p— - tfl p«l 

----- turbulanca -102 I-M - 46op«l —————turbulanca -10X nw - 310 nl 
----- turbulanco •3Qg mis • lofcZpal —————tupbulanco-301 ris • (,e>7 pal 

0.5 1.0 1.5 2.0 
FREQUENCY, Hz 

2.5 3.0 3.5 

SNL34m 37.5rpm 45mph T-edge stress at Q 

2Z structural +2X (nodal (flatwisa) damping 
A turbuloncB " OZ nr " 193& psi 

————— turbulence "10X niic " i6i« pel 

————— turbulanca •30X nis •• SVfi psi 

2Z structural + aeroolastic daMpinq 
D turbulanca "OX riM " 1947 pst 

—————turbuloncQ •10Z riiB - iftfropsi 
————— turbulanca -30X rm - l&i4 psi 

•3 2000 h- 

uj L 

o 1500 h 

Q- 

2.5 3.0 3.5 

Figure 3.5 b. Spectra of Stress Response at Trailing Edge at 0. 37.5 rpro 

0.5 1.0 1.5 2.0 
FREQUENCY. Hz 
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SNL34m 37.5rpm 25mph column-in-plane-stress 
2X structural + aeroelastic damping 2Z structural +2X modal (flatwise) damping 

A turbulancB • OX na * zio pel 
—.-——— turbulence "10X rm» - 2S3 psi 

—_——— turbuloncB •30Z m8 • Z»e psi 
500 

Q turbulence - OX r— - &o& pi (Ml 
• turbulanca -101 r— • 2.14 MI 
• turbulanca -30X riw " 2»£ pal 

________4>.ktu.l«»» _«ny -—_ — A... "a 

operating natural 
frBquwcTas 

FA FS 1B 2FS2PA ITO 1T1 

400 r- 

°- 300 |- 
UJ* 

a 

^ 200 

Q. 
100 

/ \ 

0-5 l-o 1.5 2A 2.5 3.0 3.5 

FREQUENCY. Hz 

SNL34m 37.5rpin 45mph col.-in-plane-stress 
2X structural + acroelastic damping 

D turbulwicB - OX rir " 7*S pi 
2% structural +2!!! modal (flatwise) damping 

A turbulanca •OX r— - 795 psi 
————— turbulanca -10X n— • 7«» pal 
————— turbulanca •30X n— " Tio pal 

turbulanca -10X rir - 7f& pal 
turbulanca -30X ma - 66S pal 

0.5 1.0 1.5 2.0 
FREQUENCY, Hz 

2.5 3.0 3.5 

Figure 3. b. Spectra of In-Plane Stress Response at Mid-Column at T. 37. 5 rpm 
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Each figure shows the influence of replacing the 

modest 2% modal damping of blade bending modes with 

aeroelastic damping which, as Table 2 indicates, is 

equivalent to as much as 9% of critical damping of these 

modes. The 30% turbulence was chosen as an upper bound 

for possible interest. Most locations will have turbu¬ 

lence levels closer to 10% intensity. 

The results shown in Figure 3 indicate several 

trends. The first is that the stresses in the 45 mph 

wind are very much greater than those at 25 mph. The 

deterministic rms values increase by three times (outer 

face at A) to seven times (trailing edge at A). 

A second observation is that with only 2% modal 

damping the inclusion of turbulence leads to considerable 

response at natural frequencies corresponding to in-plane 

blade bending. For a given intensity, the effect of 

turbulence on the rms stress is greater at 25 mph than at 

45 mph. Even 10% turbulence is predicted to increase the 

rms stress at the outer face at A by 100%. 

The replacement of modal damping by aeroelastic 

forces has significant consequences. There are modest 

decreases in the predicted rms stresses for the 

deterministic case (most marked at 25 mph). Another 

consequence is the attenuation of the stochastic response 

at the natural frequency values. This attenuation is 

most apparent at the outer face locations because of 

their involvement in the in-plane bending modes which are 

the modes most heavily dampened by aeroelastic forces. 
The maximum increase in rms stress due to 10% turbulence 

when aeroelastic forces are present is 34% (outer face at 
A with V = 25 mph). 
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It is also of interest to note that the pronounced 

out-of-plane response at 3P at 45 mph, which is largely 
responsible for the high rms stress, is partially attenu¬ 

ated by both aeroelastic forces and by turbulent flow. 

4.2 ^Ell3.!!0"-3.!-2.8—^"! 

Some frequency response analyses were also carried 
out on the SNL 34-m operating at 28 rpm and results are 

summarized in Figure 5. These analyses were limited to 

the 2% modal damping only and were included in the 

earlier preliminary report. They are also included in 

this report for completeness and so that comparison of 

the response at the two operating speeds can be made. 

4.3 ^iii.i.JLll^.li 

In conjunction with a modal formulation of dynamic 

response it is common to use the "mode acceleration" 
method to determine member forces and stresses more 

accurately. This method involves using the predicted 

displacements to calculate inertia! forces which are then 

added to the applied forces and a static analysis is 

carried out. This is sometimes made necessary when the 

modes selected for the formulation are unable to ade¬ 

quately describe all of the displacements and associated 

forces. This is the case with the axial effects in the 

blades and other members of the SNL 34-m rotor. 

The mode acceleration technique can be applied to 

the deterministic frequency response solutions (zero 

turbulence) because a set of physical loads was applied. 

However it cannot be applied to the stochastic response 

analysis because the loads have been applied in modoI 

form only. 
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This difficulty is not insurmountable. It should be 

noted that the axial effects in the blade are appreciable 

at IP only and are affected little by stochastic effects. 
Corrections calculated for the deterministic case can, 

therefore, be applied to stochastic cases. It should 

also be noted that neglect of the axial effect is equiva¬ 

lent to averaging stresses from opposite faces or edges 

which is also how most of the strain gauges on the SNL 

34-m have been connected. 
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SNL34m 28rpm 25mph outer stress at H 3June88 
A turbulenca - OZ rms 

———— turbulanca •10X rus 
turbulenca -30Z rms 

- 31Z psi. 
- 387 psi. 
- <aVT psi. 

structural damping " 22 

nodal donping - 2Z (flatwise only) 

0.5 1.0 1.5 
FREQUENCY, Hz 

2.0 2.5 

SNL34m 28rpm 45mph outer stress at H 20May88 
A turbulence - OX mis - 817 psi. 

•———.— turbulence -102 rus - 763 psi. structural damping • 2Z ^ 
- turbulence "30Z mis " lisopsi. modal damping • 2Z (flatwise only) 
1000 |—i—i—i—i—i—i—i—i—i—|—i—i—i—i—|—i—i—i—i—i—i—i—r 

8. 
uJ 

a. 

0.5 1.0 1.5 
FREQUENCY, Hz 

2.0 2.5 

Figure 5.2 a. Spectra of Stress Response at Outer face at H. 28 rpm 
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SNL34m 28rpm 25mph T-edge stress at H 3June88 
A turbulenca - OX mis - 105 psi. 

———— turbulanca -10X mis " 231 psi. structural damping » 2X 

————— turbulence "30X rms - 467 psi. modal damping - 2X (flatwise only) 
1000 

o 500 

0.5 1.0 1.5 
FREQUENCY. Hz 

2.0 2.5 

SNL34m 28rpm 45mph T-edge stress at H 20May88 
A turbulenca - OX ms - 475 psi. 

•——— turbulence -10X rus - &60psi. 
turbulence "30X ms - 793 psi. 

structural dcunping • 2X 

nodal danping " 2X (flatwise only) 

0.5 1.0 1.5 
FREQUENCY. Hz 

2.0 2.5 

Figure 5. 2 b. Spectra of Stress Response at Trailing Edge at H. 28 rpm 
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SNL34m 28rpm 25mph outer stress at 3 3June88 
A 

1000 

turbulence - OX rms 

turbulence •I OX ms 
turbulence -30Z rms 

- 596 psi. 
- 797 psi. structural damping " 2Z 
- lfa96 psi. modal damping - 2X (flatwise only) 

° 500 

0.5 1.0 1.5 
FREQUENCY, Hz 

2.0 2.5 

SNL34m 28rpm 45mph outer stress at I 20May88 
A turbulence - OX rns « 831psi. 

turbulence =10Z ms " 1461 psi. 
turbulence ••30X rms ^SS?) psi. 

structural damping = 2Z 

modal damping - 2Z (flatwise only) 

0.5 1.0 1.5 
FREQUENCY. Hz 

2.0 2.5 

Figure 5.3 a. Spectra of Stress Response at Outer Face at I. 28 rpm 
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SNL34m 28rpm 25mph T-edge stress at I 3June88 
A turbulence - OX rms 

-——— turbulence -10X rrs 
turbulence "30Z rms 

- 64psi. 
• 124 psi. structural damping - 2Z 

» 291psi. modal damping » 2Z (flatwise only) 

-i—i—r 
^Ic+ural Frtt^utnc.its FA FS T 

-i—i—i—i—i—r 
B/T ZFS 

a. 
uJ 
«=> 500 

0.5 1.0 1.5 
FREQUENCY. Hz 

2.0 2.5 

SNL34m 28rpm 45mph T-edge stress at I 20May88 
A turbulence " OX rus 

——— turbulence -10X r«s 
turbulence •30Z rms 

" 144 psi. 
• 254psi. structural damping " 2Z 

• 59opsi. nodal danping • 2Z (flatwise only) 

0.5 1.0 1.5 
FREQUENCY. Hz 

2.0 2.5 

Figure 5.3 b. Spectra of Stress Response at Trailing Edge at I. 28 rpm 
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SNL34m 28rpm 25mph outer stress at N 3June88 
A turbulencs • OX rms 

———— turbulenco -10X rms 

turbulence -30X rms 

- 140 psi. 
• 16fc psi. structural damping " 21 
m 365 psi. modal damping - 2X (flatwise only) 

1000 

iiiii -T 

ZFS Hm+ura I Frt^utnc.ns FA F9 B/T B/T 

s. 
LU 

o 500 - 

1.0 1.5 
FREQUENCY. Hz 

SNL34m 28rpm 45mph outer stress at N 20May88 
A turbulanca " OX rns • 46Zpsl. 

———— turbulence "10X r»s • 455 psi. 
turbulence -30Z rms • 743 psi. 

structural damping • 21 

modal damping • 21 (flatwise only) 

0.5 1.0 1.5 
FREQUENCY. Hz 

2.0 2.5 

Figure 5.4 a. Spectra of Stress Response at Outer Face at N. 28 rpm 



SNL34m 28rpm 25mph 1 edge stress at N 3June88 
A turbulenca - OX rus - £66psi. 

turbulence -10X riis - 351 psi. 
turbulenca "30X rrs " e>o4psi. 

structural damping - 22 

nodal danping - 2Z (flatwise only) 

0.5 1.0 1.5 
FREQUENCY, Hz 

2.0 2.5 

SNL34m 28rpm 45mph T-edge stress at N 20May88 
" 772psi. A turbulanca " OZ r«8 

—— turbulanca "10X ms 

——— turbulanca -30X r«s 

• 8S9psi. structural doBping • 2Z 

-lo75p«i. nodal daiping - 2Z (flatwisa only) 

0.5 1.0 1.5 
FREQUENCY, Hz 

2.0 2.5 

Figure 5.4 b. Spectra of Stress Response at Trailing Edge at N. 28 rpm 
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SNL34m 28rpm 25mph outer stress at Q 3June88 
A turbulenca " OX rrs 

-———— turbulence "10X rrs 
turbulanca "30X rms 

" 6is psi. 
" eos psi. 
"1709 psi. 

structural damping " 22 

Modal damping - 21 CFlat»ise only) 

0.5 1.0 1.5 
FREQUENCY. Hz 

2.0 2.5 

SNL34m 28rpm 45mph outer stress at Q 20May88 
A turbulence - OZ rms " 661 psi. 

————— turbulence "lOZ mis '•1460 psi. structural damping = 2Z 

————— turbulence -30X rms =3415 psi. modal damping ' 22 (flatwise only) 

0.5 1.0 1.5 
FREQUENCY. Hz 

2.0 2.5 

Figure 5.5 a. Spectra of Stress Response at Outer Face at Q. 28 rpro 
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SNL34m 28rpm 25mph T-edge stress at Q 3June88 
A 

1000 

turbulenca " OX r»s - 234psi. 
turbulence "10X rms " 347psi. 
turbulence "30Z rms • fc58psi. 

structural damping - 21 

nodal damping '• 2Z (flatwise only) 

•=• 500 

0.5 1.0 1.5 
FREQUENCY. Hz 

2.0 2.5 

SNL34m 28rpm 45mph T-edge stress at Q 20May88 
A turbulenca - OZ ms 

turbulence •10X rms 

turbulence ~30X rms 

- 779 psi. 
• 675psi. structural danping » 2Z 

"1209 psi. modal damping • 2Z (flatwise only) 

0.5 1.0 1.5 
FREQUENCY. Hz 

2.0 2.5 

Figure 5. 5 b. Spectra of Stress Response at Trailing Edge at Q. 28 rpm 
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5.0 AI^ERNAT^EJTURBUl^ENCE^PECTRA % ; 

5 •1 ^it.L^L^Il-^El^lli-^t-^i.'BaiBtL^ilI.E-Z"!!^".!®.^'6 

The exact prediction of motion in a turbulent 

airstream has been described as being more ambitious than 

discovering the secret of the universe. It is, there¬ 

fore, not surprising that there are several different 
published formulas to describe the power spectrum of this 

motion (11, 15, 16, 17, 18). The justification of the 

formulas is discussed in the listed references and the 

approach taken in this study was to try to establish 

whether the different formulas are likely to make sub¬ 

stantial differences to the predicted response and 

stresses in the rotor blades. 

The following three spectra were selected for 

compar i son. 

(1) Kaimal spectrum for stable atmospheres (11, 15, 

16) having the form 

5^ = cr2 ».87 fz/u 
S[^ ^(ftlaY^] 

where S(f) is the power spectral density as a function of 

frequency, f(Hz), z is the height above the ground (m), u 

is the mean ambient velocity at that height (m/s), and o 

is the total variance of the spectrum. This form, from 

which the spectrum used by Frost, Long S Turner (18) is 

derived, allows the intensity of turbulence to be pre¬ 

scribed and maintained constant with height. 
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(2) The von Karman spectrum for neutral atmospheres 

(11, 16) with the form 

S(f) = ^ 4-0 fLiu 
ftn-To.BCfL/u)3]^ 

where L is an integral length scale with a value of 120 

m. This form also allows the turbulence intensity to be 

kept constant with height. 

(3) The von Karman spectrum for neutral atmospheres 

(11, 16)having the form 

S(f) = 3-&3 LU_______________ 
[^(Z/Z^^TO.fi^L/u)2]5^ 

where Zo is the roughness height. In this form the 

turbulence intensity is a function of the height, Z and 

decreases with height. The turbulence intensity referred 
to corresponds to the intensity at mid-rotor height. 

Figure 6 compares the three spectra quoted above 

using values that correspond to an intensity (0"/u) of 

0.12) and also correspond to values used in Veers (11). 

It shows the Kaimal (stable) spectrum to give lower 

values at very low frequencies (less than 0.01 Hz) but 

higher values above that frequency. The two versions of 

the von Karman spectrum are essentially identical while a 

third version, quoted by Veers (11) agrees more closely 

with the Kaimal spectrum. 

5.2 ^OEEiIlii0",-^!^0^0!-^08.';1! 

Figure 7 compares the spectra of modal load #3 

obtained fromdifferent turbulence formulas. It shows 
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that the differences are small but the effect of a fully 
correlated flow is to decrease stochastic loading at low 

frequencies. The spectra of modal loads 1 thru 8 at 

windspeeds of 25 and 45 mph are presented in Figure 8. 

Tables 6 and 7 summarize the variances of the modal loads 

at low and high windspeeds at 10% and 30% turbulence for 

uncorrelated and fully correlated flow. 
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TURBULENCE SPECTRA 

KalMl tetablo) intanslty-. 12 C1-11.B7 C2-192 U-8 V) 
.. • . * ^ •- «•• •• • A ««« _ 

j n 

(2) __--_- von Konun (noutral, Fordhaii) intansltY-. 12 Cl-4.0 C2-70.8 L-120 U-9 

(3)___- von Kanian (nautrol. FordholO C1-3.B3 C2-70.8 L-120 2/2o-3000 U-B 

von Kon»an (nautral, VaBrs) Intonaity. 12 Cl-2.98 C2-39.5 L-120 U-8 (4) 

1111| i 11111 iiiii iiin 

0.0 

' i i i nil———I——' i i i nil ' i i i ml———1_ LLill———1- LLU 

0.01 0.10 1.00 10.00 

FREQUENCY. Hz 

Figure b. Comparison of Turbulence Spectra 

100.00 

SNL34m 37.5rpm modal loading#3 45mph 
A 02 tupbulBics 

—————— 30Z turbulanca. Kaiial nautral spactnn 
————— 30Z turbulence, von Kaman stablo spactrua. 

————— 30Z turbulanca. von Komon stable 30Z turbulence, van Komon stable spoctrui. Intensity varies with height 
30Z turbulence. Kalial nautral spactrun. fully coreloted Flow. 

0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 
FREQUENCY, Hz 

Figure 7. Comparison of Modal Load #3 from Alternative Spectra 
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SNL34m 37.5rpm modal loading#3 25/45mph 
mid-rotor windspeed - 25 mph 

A turbulence - DZ r«s » Z75 Itx 

----- turbulanca -10X ms - <»eS Ibe 

----- turbulanca -30X na - i&zs Ibs 

in id-rotor •indspaed ° 45 mph 
0 turbulanca " OZ ris - IZZ5Ibs 

turbulanca -10X mis • 14-93 Ibs 
turbulenca -3(tt riis - Z79S Ibe 

0.5 1.0 1.5 2.0 2.5 3.0 
FREQUENCY. Hz 

SNL34m 37.5rpm modal loading#4 25/45mph 
mid-rotor windspaad • 

A turbulw - OZ 

----- turbulancB ••10X 

----- turbulanca •30X 

25 Mph mid-rotor windspaad ° 45 mph 
rm - SS9 lb« D turbulwiCB - OX rr» - IS46 Itw 

r— - 37o lb« ———— turbulancs -10X nis • »*4& Ibs 

rm - 4.77 Ibs ———— turbulanca -30X niw - lSl9 Ibs 

Figure 8.2. Spectra of Modal Loads # 3 8. 4. 37.5rpn> 
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SNL34m 37.5rpm modal loadinq#5 25/45mph 
mid-rotor windspded = 

A turbulanca - OX 

----- turbulanca -10X 

----- turbulanca -30X 

25 mph 
ras " zzs Itr 
nro - 430 Ibe 
ms - ina Ibs 

mid-rotor nindspeed = 

D turbulanca - OX 
• turbulence -10X 
• turbulanca •30X 

45 mph 
rss • feao Ibs 
ms - aflolbs 
mis - lA3(>lbs 

0.5 1.0 1.5 2.0 2.5 3.0 
FREQUENCY, Hz 

SNL34m 37.5rpm modal loading^ 25/45mph 
mid-rotor windspead = 25 mph 

A turbulanca - OX TVS * tV» Ibe 

----- turbulanca •10X rre - .4ZI Ibe 

——- turbulanca -30X PIS - iofe6 Ibs 

8 E 

mid-rotor urindspeed = 45 mph 
D turbulence - OX nre - &Z4 

turbulenca -10X ms - »i7 
turbulanca -30X rus - lfc7o 

Ibs 
Ibs 
Ibs 

0.5 1.0 1.5 2.0 2.5 3.0 
FREQUENCY. Hz 

Figure 8.3. Spectra of Modal Loads # 5 & b. 37.5rpm 
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SNL34m 37.5rpm modal loading^? 25/45mph 
mid-rotor windspeed = 25 mph 

A turbulanca - 02 ns ».4Z9o Ibs 

----- turbulanca "10Z n»s -43)S Ibe 

——- turbulencQ -30Z r»s - 4465 Ibe 

mid-rotor windspeed = 45 mph 
D turbulanca • 02 ns -7396 lb» 

• turbulanca •10Z ms - •'sw lb« 
• turbulencQ -30Z rus - 739fe Ibs 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 
FREQUENCY, Hz 

SNL34m 37.5rpm modal loading#8 25/45mph 
aid-rotor windspeed = 25 mph 

A turbulBnca - OZ ms " 33Z Ibs 

----- turbulanca -lOZ ras •• 366 1 be 

----- turbulanca "30Z mis - saslbs 

Bid-rotor windspeed = 45 mph 
D turbulanca - OX ms - Zoafeltx 

turbulanca ••10Z rms • Colo ]b« 
turbulanca "30Z ma '• ZZ45 Ibs 

0.5 1.0 1.5 2.0 2.5 3.0 
FREQUENCY, Hz 

Figure 8.4. Spectra of Modal Loads # 7 & 8. 37.5rpm 
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Tables 4 and 5 summarize the total and stochastic 
component of the variance of the modal loads associated 

with each of the three spectra at windspeeds of 25 and 45 

mph and for turbulence intensities of 10% and 30%. The 

differences due to the different spectra are not great 
and are not as significant as the differences due to the 

coherence of the flow which is demonstrated in Table 6. 

Examination of the modal load summaries on Tables 4, 5 

6 and 7 reveal several trends. 

1. At low windspeeds (25 mph) most of the energy is in 

the form of in-plane modes; at high windspeeds (45 

mph) the proportion of energy in out-of-plane modes 

(such as modes 15, 8 and 4) increases. This is 

probably related to the greater out-of-plane loading 

and response noted at the 3P frequency. 

2. At low windspeed the stochastic loading is dominated 

by mode no. 3 (1FS), but at high windspeeds much 

stochastic energy is also represented by mode no. 2 

(1FA). In general the modes involving mainly 

flatwise blade bending receive a greater proportion 

of their variance from stochastic effects. 

3. At low windspeeds an increase of turbulence intensity 

from 10% to 30% is accompanied by approximately a 10 

fold increase in stochastic variance, while at high 

windspeed the corresponding increase is approximately 
6 times. 

4. The differences due to the different turbulence 

spectra are not significant. 
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5. The main effect of imposing full coherence of the 

turbulent flow is to reduce the variance due to 

stochastic effects of those modes that are most 

strongly affected by turbulence (such as modes #2 and 

3). 

It should be noted that Tables 4, 5, 6 and 7 and 

Figures 7 and 8 cover a range of frequencies from OP to 

7P (4.375 Hz) and that the spectra are one-sided discrete 
power spectral densities with a resolution of 16 divi¬ 
sions between harmonics (0.0391 Hz). 
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TABLE 4 Variance of Modal Loads of SHL34», 37.5rpi>, 25rph, Bncorrelated Flon 

OX TBRBBLERCE 10X TBRBBLENCE TYPE 1 10X TBRBBLEHCE TYPE 2 10X TBBBBLEHCE TYPE 3 

3R1PE 
1TI 
IP 
1F* 
4Ft 
3P* 
2TO 

2TI 
1B 

3P 
1TO 

IPS 
2FS 
UPS 

3PS 

2F* 
2P 
28 
5P« 
3B 
5FS 

HOO 

7 

1 

2 

17 
9 

15 

14 
* 

12 
8 

3 
6 

1b 
11 

5 

10 
13 
18 
20 
19 

8 TOT»fc-»»R 
.184E+OB 
.204E+07 
.151E+07 
. 5438+06 
. 357E+Ob 

.203E+Ob 

.153E+06 

. 125E+06 
. 1158+06 
. 102E*Ob 
.8138*05 
.5438+05 
.518E+05 
. 3828+05 
.333E+05 
. 171E+05 
.136E+05 
.1138*05 
.5878+04 
.487E+04 

HOD 

7 

1 

2 

17 
9 

3 

15 
m 

4 

12 
8 

6 

11 

5 

16 
18 

19 
10 
13 
20 

E TOT«L-»» 
.183E+08 
. 207E+07 
. 1748*07 
. 548E+Ob 
. lIZIE+Ob 
. ZbbE+Ob 

.212E+Ob 

.184E+Ob 

.1358+06 

.119E*Ob 

. 1128+06 

.103E+06 

.102E+06 

.8618+05 

. 6908+05 

.3888+05 

. 3128+06 

.2238+05 

.189E+05 

.783E+04 

R TOT-RAN-' 
.250E+05 
. 241E+05 

.5058+05 

. 674E+04 

.3108+05 

.1038+06 

.1558+04 

.6788+04 
. 4998+04 
.2308+04 
.2178+04 
. 2318+05 
. 3948+05 
.1798+05 
.1038+05 
.1388+05 
.1478+05 
.2828+04 
.1538+04 
.602E+03 

r»R XR*M 
. 

1 

1.2 
2. 9 

1.2 
7.3 

38.9 
.7 

3.7 
3.7 
1.9 
1.9 

22.3 
38.5 
20. 8 

15.0 
35.5 
47.0 
12.7 
8.1 
7.7 

N00 
7 

1 

2 

17 
9 

3 

15 
14 

4 

12 
6 

8 

11 

5 

16 
18 
19 
10 
13 
20 

8 TOTAL-** 
. 1858+08 
.2028+07 
.176E+07 
. 558E+06 
. 4018+06 
.2268+06 
.2178+06 
.2128+06 
.1298+06 
.1188+06 
. 1108+06 
. 9708+05 
. 8948+05 
.8078+05 
. 6578+05 
.3718+05 
. 2838+05 
. 2028+05 
. 1868+05 
. 795E+04 

R TOT-R*«M 
.2148+05 
.3068+05 
.3138+05 
.5068+04 
. 2008+05 
. 7358+05 
. 1308+04 
.4908+04 
. 2988+04 
. 2688+04 
. 2608+05 
. 1748+04 
.3098+05 
.1318+05 
.8608+04 
. 9098+04 
. 9468+04 
. 2698+04 
. 1088+04 
. 499E+03 

r*R (RAN 
. 

1 

1.5 
1.8 

. 
9 

5.0 
32.5 

. 
6 

2.3 
2.3 
2.3 

23.5 
1.8 

34.6 
16. 2 

13.1 
24.5 
33.5 
13.3 
5.8 
6. 3 

HOO 

7 

1 

2 

17 
9 

3 

15 
14 

4 

12 
8 

6 

11 
5 

16 
18 
19 
10 
13 
20 

18 TOT*L-»* 
.1858+08 
. 2118+07 
.1698+07 
. 5548+06 
. 4028+06 
. 2228+06 
. 2138+06 
.18.28+06 
.1388+06 
.1238+06 
.1138+06 
. 9978+05 
. 8548+05 
. 7948+05 
.6468+05 
.3138+05 
. 2248+05 
.2058+05 
.1788+05 
. 7978+04 

R TOT-RtH-' 
.1918+05 
. 2448+05 
. 3878+05 
.5148+04 
. 2208+05 
. 7468+05 
.1328+04 
.5158+04 
. 334E+04 
. 2308+04 
. 1708+04 
. 2458+05 
. 3018+05 
.1238+05 
. 8048+04 
. 1018+05 
.1018+05 
. 2338+04 
. 1068+04 
.6108+03 

'«R XR«N 
. 

1 

1. 2 

2.3 
.9 

5.5 
33.6 

.6 
2. 8 

2. 4 

1.9 
1.5 

24.5 
35.2 
15.5 
12.4 
32.2 
44.9 
11.4 
5.9 
7,7 

0» TBBBBLENCE 30X TBRBBLEIICE TYPE 1 30X TBRBBLEHCE TYPE 2 30X TBRBBLENCE TYPE 3 

SHAPE 

1TI 
IP 
1F1 
4F* 
3F» 
2TO 

2TI 
1B 
3P 

1TO 
1FS 
2PS 

4F3 
3F3 
2F* 
2P 

2B 

5F* 
3B 
5FS 

N00 
7 

1 

2 

17 
9 

15 
14 

4 

12 
8 

3 

6 

16 
11 

5 

10 
13 
18 
20 
19 

8 TOT»L-»»R 
.1848+08 
. 2048+07 
.1518+07 
. 5438+06 
. 357E+06 
. 203E+Ob 
.153E+06 
.125E+06 
.1158+06 
.1028+06 
.8138+05 
. 5438+05 
.5188+05 
. 382E+05 
. 333E+05 
.171E+05 
.1368+05 
.1138+05 
.587E+04 
.487E+04 

HOD 

7 

2 

1 

3 

9 

17 
11 

5 
6 

14 
15 
18 

4 

. 19 
8 

16 
12 
13 
10 
20 

8 TOTiL-T* 
. 1868+08 
. 3478+07 
.240E+07 
.171E+07 
. 963E+06 
. 648E+06 
. 6498+06 
. 493E+06 
. 4678+06 
. 3978+06 
. 3368+06 
.2568+06 
. 2368+06 
. 2378+06 
. 2228+06 
.2168+06 
.1598+06 
. 5898+05 
.5888+05 
.217E+05 

R TOT-RllM 
. 2358+06 
. 4648+06 
.2128+06 
. 9538+06 
. 2808+06 
.5998+05 
.3528+06 
.160E+06 
. 200E+06 
.6168+05 
.1288+05 
.1238+06 
.5448+05 
.1318+06 
.2508+05 
. 9118+05 
. 2038+05 
. 1388+05 
. 243E+05 
. 4918+04 

r*R XR1N 

1.3 
13.4 
8.8 

55.8 
29. 1 

9.2 
54.3 
32.4 
42.8 
15.5 
3.8 

48.0 
23.0 
55.3 
11.3 
42.3 
12.8 
23.5 
41.3 
22.7 

HOD 

7 

2 

1 

3 

9 

17 
11 

5 
6 

15 
14 

8 

4 

18 
19 
16 
12 
13 
10 
20 

8 TOT*L-»« 
.1958+08 
. 3408+07 
.2468+07 
. 141E+07 
.8418+06 
. 6348+06 
.5338+06 
. 4228+06 
. 4328+06 
. 4048+06 
. 3268+06 
. 2378+06 
. 2108+06 
. 2078+06 
.1928+06 
. 1858+06 
. 1708+06 
. 5368+05 
.5388+05 
. 229E+05 

R TOT-K**-' 
. 1768+06 
. 3818+06 
. 2358+06 
.7548+06 
.2128+06 
.5158+05 
.2768+06 
.128K+06 
.2118+06 
.1418+05 
.5638+05 
.2078+05 
.4198+05 
. 9798+05 
.1028+06 
. 7698+05 
. 2498+05 
.121E+05 
. 2438+05 
.5168+04 

P1R XR*N 

.9 
11.2 
9.6 

53.4 
25.2 

8. 1 

51.7 
30.3 
48.8 
3.5 

17.3 
8.7 

20.0 
47.2 
52.9 
41.5 
14.6 
22.6 
45.2 
22.6 

HOB 

7 

2 

1 

3 
9 

17 
11 

15 
6 

5 

14 
8 

4 

18 
16 
19 
12 
10 
13 
20 

>8 TOT*L-»* 
. 1918+08 
. 361E+07 
. 2538+07 
.1428+07 
. 9428+06 
. 6468+06 
. 5528+06 
. 4148+06 
. 434E+06 
. 3868+06 
. 3518+06 
.2508+06 
.2308+06 
.2138+06 
.1928+06 
.1848+06 
.1628+06 
. 544E+05 
. 506E+05 
.252E+05 

R TOT-R*"-* 
. 209E+06 
. 340E+06 
. 2408+06 
. 7778+06 
. 2268+06 . 

.5928+05 

.3018+06 

.1588+05 

.205E+06 

.1118+06 , 

. 5588+05 

.2658+05 

.5188+05 

. 9568+05 

. 7838+05 

.1018+06 
. 2098+05 
. 2248+05 
. 1218+05 
.603E+04 

«R XRiK 

1.1 
9.4 
9.5 

54.6 
24. 1 

9.2 
54.5 

3.8 
47.4 
28.7 
15.9 
10.6 
22.5 
44.9 
40.8 
54.9 
12. 9 

41.2 
23.9 
23.9 

Type I: Kalmal apBctrui (stable atmosphere), constant Intensity 
Type 2: von Herman spectrum (neutral atmosphere), constant intensity 
Type 3: von Karman spectrum (neutral attoephere)«intensity varies nith height 

Rote^ specified Intensity refers 
to coefficient of variation of 
longitudinal Clou at mid-rotor height 



TABLE 5. Variance of Hodal Loads of SKL3«ni, 37.5ri>«i, •Soph, Bncorrelated Flo* 

0» TBRBBLEKCE 10» TBBBBLEKCE TYPE 1 10» TBRBBLENCE TYPE 2 10X TBRBBLEKCE TYPE 3 

SBtPE 
1TI 
IP 
2TO 
1TO 
1B 

2TI 
1FA 
1FS 

3F* 
4F* 
3P 

4F3 
2B 

2F3 
3FS 
2F» 
3B 
5F* 
2P 
5FS 

MODE 

7 

1 

15 
e 

4 

14 
2 

3 
9 

17 
12 
16 
13 

6 

11 

5 

20 
18 

10 
19 

TOT*L-T*R 
.523E+08 
.7b8E+07 
. 504E+07 
.387E+07 
.241E+07 
. lbOE+07 
.151B+07 
.151E+07 
.106E+07 
.lOOE+Ob 
. 59bE«-Ob 
. 5428+06 
. 389E+06 
. 389E+06 
.27fE+Ob 
.259E+Ob 
.225E+Ob 
. 789E+05 
.52b(+05 
. 434E+05 

MODE 

7 

1 

15 
8 

4 

3 

14 
2 

9 

17 
1b 
12 
11 

b 

5 

13 
20 
18 
19 
10 

TOT»L-»*R 
.519E+08 
. 751E+07 
.517E+07 
. 380E+07 
. 220E+07 
. 202E+07 
.186E+07 
.181E+07 
.131E+07 
. 94bE+Ob 
. 58bE»Ob 
.582E+Ob 
. 493E+06 
. 470E*Ob 
.435E+Ob 
. 42bE<-Ob 

.25bE+Ob 
. 154E*Ob 
.114E+Ob 
. 754E+05 

TOT-R*H-T«R 
.227E+Ob 
.291E+06 
.382E+05 
. b70E+05 
.123EtOb 
. 47bE+06 
.354E+05 
. 303E+Ob 

.115E+06 

. 2b8E+05 

. 403E+05 

. 498E+05 
. UtOE+Ob 

. 4231+05 

.791E+05 

.282E+05 

. 879E+04 
. 

11112E+05 

. 
1»71 E+05 

. 235E+05 

XRIN 

.4 
3.9 
.7 

1.8 
5-b 

23. b 

1.<» 

Ib. 7 

8.7 
2.8 
6.9 
8.6 

28.3 
II. 7 

18.2 
b.b 
3.4 

28.7 
41.11 

31.2 

MODE 

7 

1 

15 
8 

I 

3 
111 

2 

9 

17 
12 
1b 

b 

11 

13 
5 

20 
18 
19 
10 

TOT«L-»*R 
.527E+08 
. 774E+07 
.541E+07 
.392E+07 
.241E+07 
.225E+07 
.203E+07 
.193E+07 
.131E+07 
. 9b1 El-Ob 

. b08E«-Ob 

.592E+Ob 
. 478E+Ob 
.4bbE+Ob 
.433E+Ob 
.42bE+Ob 
.253E+Ob 
.133EtOb 
. 977E+05 
.714E+05 

TOT-R»H-»*R 
.2b8E+Ob 
. 289E+Ob 

.542E+05 

. 102EK)b 
. 192E+Ob 

.490E+Ob 
. 392E*05 
.301E+Ob 
.108E+Ob 
. 257E+05 
.»99E*05 
.294E+05 
. 9117E+05 

.109E+Ob 

.283Et05 

.692E+05 

.832E+04 

. 340E+05 

. 338E+05 

.214E+05 

XRtH 

.5 
3.7 
1.0 
2. b 

8.0 
21.7 
1.9 

15. b 

8.2 
2. 7 

8. 2 

5.0 
19.8 
23.4 
b.5 

1b.2 
3.3 

25. b 

34.6 
30.0 

MODE 

7 
•; 

15 
8 

4 

3 

14 
2 

<» 

17 
12 
1b 

b 

11 

13 
5 

20 
18 
19 
10 

TOT»L-T*R 
.524E+08 
.7b1E*07 
. 52bE+07 
.381E+07 
.218E+07 
. 195E+07 
. 11IE+07 
. 181E+07 
. 125E+07 
. 937E+06 
. 589E4-06 
.585E*Ob 
.441E+Ob 
.43btt0b 
. 430E4-06 
.407EtOb 
.250E+Ob 
.135E+Ob 
.999E+05 
. 747E+05 

TOT-R»»-T«R 
.218E+Ob 
.333B+06 
.419E+05 
. 739E+05 
. 137E+Ob 
. 479E+Ob 
. 304E+05 
. 259E+Ob 
. 101E+Ob 

.219E+05 
. 540E+05 
. 400E+05 
.815E+05 
. 123E4-06 

.303E+05 
. 667E+05 
.853E+04 
. 347E+05 
. 3b9E+05 
. 255E+05 

XRtI 

.4 
4.4 

.8 
1. 9 

b.3 
24.5 

1.6 
14.3 

8.1 
2.3 
9.2 
b.8 

18.5 
28.2 

7.1 
16.4 
3.4 

25. b 

3b.9 
34.1 

OX TBRBBLEHCE 30» TBRBBLEHCE TYPK 1 30X TBRBBLENCE TYPE 2 30X TBRBBLEKCE TYPE 3 

3RAPE 

1TI 
IP 
2TO 
1TO 

1B 

2TI 
IF* 
1FS 
3Ft 
4F* 
3P 
4 PS 
2B 

2FS 
3FS 
2F« 
3B 

5F« 
2P 

5PS 

NOD 

7 

1 

15 
8 

4 

14 
2 

3 

9 

17 
12 
16 
13 

b 

11 

5 

20 
18 
10 
19 

E TOT*L-»*R 
.523E+08 
.7b8E+07 
.504E+07 
.387E+07 
.241E+07 
.lbOE+07 
.151E+07 
.151E+07 
.106E+07 
.900E+06 
.596E+06 
. 542E+Ob 
.389E+06 
. 389E+06 
. 274E+06 
. 259E+06 
. 225E+06 
.789E+05 
.526E+05 
. 434E+05 

MODI 

7 

15 
1 

2 

3 
8 

14 
9 

4 

11 
5 

17, 
6 

16 
18 
13 
19 
12 
20 
10 

B TOT*L-»» 
.517E+08 
.748E+07 
.660E+07 
.590E+07 
.540E+07 
. 485E+07 
. 444E+07 
. 261E+07 
. 199E+07 
. 195E+07 
. 156E+07 
.131E+07 
.120E+07 
.904E+06 
. 701 E+06 
. 672E+06 
.625E+06 
.533E+06 
. 379E+06 
•212E+06 

R TOT-RilM 
•115E+07 
.136E+06 
. 120E+07 
,,,198E+07 
. 280E+07 
•214E+06 
. 220E+06 
.760E+06 
•412E+06 
.937E+06 
. 449E+06 
.189E+06 
. 533E+06 
.280E+06 
. 311 E+06 

.104E+06 

. 348E+06 

. 1b8E+06 

.410E+05 

. 121E+06 

FIR XRIN 

2.2 
1.8 

18.2 
33.5 
51.9 
4.4 
5.0 

29.1 
20.7 
48.0 
28.8 
14.4 
44.5 
31.0 
44.4 
15.5 
55.7 
31.5 
10.8 
57.0 

HOD 
7 

15 
1 

2 

8 .482E+07 
3 

14 
9 

4 

11 

5 

17 
6 

16 
13 
12 
18 
19 
20 
10 

E TOT*L-»* 
. 534E+08 
. 784E+07 
.707E+07 
.512E+07 

. 470E+07 

.441E+07 

.229E+07 

. 208E+07 

. 153E+07 
•144E+07 
.126E+07 
.106E+07 
.854E+06 
.678E+06 
.571E+06 
. 535E+06 
.4bOE+06 
. 371 E+06 
.185E+Ob 

R TOT-R*1M 
.113E+07 
.139E+06 
.130E+07 
.152E+07 
.230E+06 
. 250E+07 
.174E+06 
. 604E+06 
. 456E+06 
. 783E+06 
. 387E+06 
.149E+06 
. 482E+06 
. 233E+06 
. 109E+Ob 
.185E+Ob 
. 238E+06 
.233E+06 
. 393E+05 
.111E+06 

r*R XRtN 

2. 1 

1.8 
18.5 
29.6 

4.8 
53.2 

3.9 
26.3 
22.0 
51.2 
27.0 
11.8 
45.4 
27.3 
16.1 
32.4 
44.4 
50.8 
10.6 
60.2: 

HOD 

7 

15 
1 

14 
2 

8 

3 
9 

4 

11 

5 

17 
6 

16 
13 
18 
12 
19 
20 
10 

E TOT*L-»* 
. 542E+08 
. 995E+07 
.680E+07 
.641E+07 
.631E+07 
. 549E+07 
. 477E+07 
. 230E+07 
.208E+07 
.173E+07 
.158E+07 
.137E+07 
.111E+07 
.947E+06 
.781 E+06 

.600E+06 

. 540E+06 

.538E+06 

.415E+Ob 

.194E+06 

R TOT-R«N-» 
. 115E+07 
.136E+06 
.157E+07 
.194E+Ob • 

.150E+07 
. 258E+06 
. 236E+07 
. 640E+06 
.527E+06• 
. 865E+06 
. 395E+06 
.174E+06 
. 526E+06 
.324E+06 
.971E+05 
.276E+06 
.190E+06 
.289E+06 
.418E+05 
. HbE+Ob 

«R SRtN 

2.1 
1.4 

23.0 
3.0 

23.8 
4.7 

49.5 
27.8 
25.4 
49.9 
25.0 
12.8 
47.3 
34.3 
12.4 
46.0 
35.2 
53.6 
10. 1 

59.7 

Type I: Kairal apectrui (stable atmosphera). constant intensity 
Type 2: von Ksrrsn spectrua (neutral atmosphere),constant Intensity 
Type 3; von Itarran apectrui (neutral atoosphere), Intensity varies Kith height 

Mote: specified intensity refers 
to coefficient of variation of 
longitudinal flor at rid-rotor height 



Table b. Variance of Modal Loads. V=25mph. Correlated vs. Uncorrelated 

UNCORRELATED. 10% TURBULENCE CORRELATED. 10% TURBULENCE 

SHAPE 

ITI 
1P 

1FA 

4FA 
3FA 
1FS 
2TO 

2TI 
1B 

3P 
1TO 

2FS 
3FS 
2FA 

4FS 
5FA 
5FS 
2P 
2B 

3B 

MODE 

7 

1 

2 

17 
9 

3 

15 
14 

4 

12 
8 

b 

11 

5 

16 
18 

19 
10 
13 
20 

TOTAL-VAR 
.183E+08 
.207E+07 
.174E+07 
.548E+06 
.424E+06 
.2bbE+06 
.212E+06 
.184E+06 
.135E+Ob 
.119E+Ob 
.112E+Ob 
.103E+Ob 
.102E+06 
.861E+05 
.b90E+05 
.388E+05 
.312E+05 
.223E+05 
.189E+05 
,783E+04 

TOT-RAN-^ 
.250E+05 
.241E+05 
.505E+05 
.b74E+04 
.310E+05 
.103E+Ob 
.155E+04 
.678E+04 
.499E+04 
.230E+04 
.217E+04 
.231E+05 
.394E+05 
.179E+05 
.103E+05 
.138E+05 
.147E+05 
.282E+04 
.153E+04 
.b02E+03 

IR %F 

, 

1. 
2. 
1. 

7. 
38. 

. 

3. 
3. 
1. 
1. 

22. 
38. 
20. 
15. 
35. 
47. 
12. 

8. 
7. 

IAN 
1 

2 

9 

2 

3 

9 

7 

7 

7 

9 

9 

3 

5 

8 

0 

5 

0 

7 

1 

7 

HOD 

7 

1 

2 

17 
9 

15 
14 

3 

4 

8 

12 
b 

11 

16 
5 

18 
10 
13 
19 
20 

E TOTAL-VA 
.184E+08 
.206E+07 
.154E+07 
. 537E+Ob 

.377E+06 

.225E+06 

.1b3E+Ob 

.145E+Ob 

.135E+Ob 

.119E+Ob 

.119E+Ob 

.811E+05 

.578E+05 

.5b7E+05 

.521E+05 

.19bE+05 

.179E+05 

.172E+05 

.134E+05 

.793E+04 

R TOT-RAN-^ 
.235E+05 
.308E+05 
.293E+05 
.288E+04 
.133E+05 
.9b3E+03 
.293E+04 
.372E+05 
.351E+04 
.145E+04 
.210E+04 
.143E+05 
.155E+05 
.474E+04 
.827E+04 
.43bE+04 
.118E+04 
.b83E+03 
.472E+04 
.571E+03 

FAR % 

, 

1. 
1. 

3. 
, 

1. 
25. 

2. 
1. 
1. 

17. 
2b. 

8. 

15. 
22. 

b. 

4. 
35. 

7. 

.RAN 
1 

5 

9 

5 

5 

4 

8 

b 

b 

2 

8 

b 

7 

4 

9 

3 

b 

0 

1 

2 

UNCORRELATED. 30% TURBULENCE CORRELATED. 30% TURBULENCE 

SHAPE 

1TI 
1FA 

IP 
1PS 
3FA 
4FA 
3FS 
2FA 
2PS 
2TI 
2TO 
5FA 
1B 

5FS 
1TO 
4FS 
3P 
2B 

2P 

3B 

HOD 

7 

2 

1 

3 

9 

17 
11 

5 

b 

14 
15 
18 

4 

19 
8 

1b 
12 
13 
10 
20 

E TOTAL-VA 
.l8bE+08 
.347E+07 
.240E+07 
.171E+07 
.9b3E+Ob 
.b48E+Ob 
.b49E+Ob 
.493E+Ob 
.4b7E+Ob 
. 397E+Ob 
. 33bE+Ob 
.25bE+Ob 
.23bE+Ob 
. 237E+Ob 
.222E+Ob 
.21bE+Ob 
. 159E+Ob 
. 589E+05 
. 588E+05 
.217E+05 

R TOT-RAN-1 
.235E+Ob 
.4b4E+Ob 
.212E+Ob 
.953E+Ob 
.280E+Ob 
.599E+05 
.352E+Ob 
.IbOE+Ob 
.200E+Ob 
.blbE+05 
.128E+05 
.123E+Ob 
.544E+05 
.131E+Ob 
.250E+05 
.911E+05 
.203E+05 
.138E+05 
.243E+05 
. 491E+04 

FAR % 

1. 
13. 

8. 
55. 
29. 

9. 
54. 
32. 
42. 
15. 

3. 
48. 
23. 
55. 
11. 
42. 
12. 
23. 
41. 
22, 

.RAN 

3 

4 

8 

8 

1 

2 

3 

4 

8 

5 
8 

0 

0 

3 

3 

3 
8 

5 

3 

7 

HOD 

7 

1 

2 

3 

9 

17 
15 
14 

8 

11 

b 

4 

5 

12 
1b 

18 
19 
13 
10 
20 

E TOTAL-VA 

.192E+08 

.24bE+07 

.210E+07 

.bb8E+Ob 

.584E+Ob 

.571E+Ob 

.395E+Ob 
. 285E+Ob 
,2b9E+Ob 
. 2b4E+Ob 
.2b9E+Ob 
.237E+Ob 
.199E+Ob 
.157E+Ob 
.112E+Ob 
.904E+05 
.801E+05 
.434E+05 
.310E+05 
,2Q7E+05 

R TOT-RAN-^ 
.220E+Ob 
.272E+Ob 
. 273E+Ob 
.347E+Ob 
.1l8E+Ob 
.24bE+05 
.997E+04 
.28bE+05 
.217E+05 
.135E+Ob 
.122E+Ob 
. 493E+05 
.710E+05 
.200E+05 
.404E+05 
.405E+05 
.421E+05 
.705E+04 
.110E+05 
.454E+04 

FAR % 

1. 
11. 
13. 
52. 
20. 

4. 
2. 

10. 
8. 

51. 
45. 
20. 
35. 
12. 
3b. 
44. 
52. 
1b. 
35. 
21. 

.RAN 
1 

1 

0 

0 

3 

3 

5 

0 

1 

1 

2 

8 

7 

7 

0 

8 

b 

2 

5 

9 

Turbulence spectrum: Kaimal (neutral atmosphere), constant intensity 

fco. 



Table 7. Variance of Modal Loads. V=45mph. Correlated vs. Uncorrelated 

UNCORRELATED. 10% TURBULENCE CORRELATED. 10% TURBULENCE 

SHAPE 

1TI 
1P 
2TO 
1TO 
1B 

1FS 

2TI 
1FA 
3FA 
UFA 

4FS 
3P 

3FS 
2FS 
2FA 
2B 

3B 

5FA 
5FS 
2P 

HOD 

7 

1 

15 
8 

4 

3 

14 
2 

9 

17 
1b 
12 
11 

b 

5 

13 
20 
18 

19 
10 

E TOTAL-VA 
.519E+08 
.751E+07 
.517E+07 
.380E+07 
.220E+07 
.202E+07 
.186E+07 
.181E+07 
.131E+07 
.q4bE+Ob 
.58bE+Ob 
.582E+Ob 
.493E+Ob 
.470E+Ob 
.435E+Ob 
.42bE+Ob 
.25bE+Ob 
.154E+Ob 
.114E+Ob 
.754E+05 

R TOT-RAN-^ 

.227E+Ob 

.291E+Ob 

.382E+05 

.b70E+05 

.123E+Ob 

. 
47bE+Ob 

.354E+05 

. 303E+Ob 

.115E+Ob 

.2b8E+05 

.403E+05 

.498E+05 

.140E+Ob 

.923E+05 

.791E+05 

.282E+05 

.879E+04 

.442E+05 

.471E+05 

.235E+05 

rAR 9 

3. 
, 

1. 

5. 
23. 

1. 
1b. 

8. 
2. 
b. 
8. 

28. 
19. 
18. 

b. 
3. 

28. 
41. 
31. 

>RAN 

4 

9 

7 

8 

b 

b 

9 

7 

7 

8 

9 

b 

3 

7 

2 

b 

4 

7 

4 

2 

HOD 

7 

1 

15 
8 

4 

14 
3 

2 

9 

17 
12 
1b 
13 

b 

5 

11 

20 
18 

19 
10 

E TOTAL-VA 

.531E+08 

.7b8E+07 

.570E+07 

.404E+07 

.219E+07 

.215E+07 

.17bE+07 

.155E+07 

.115E+07 

.888E+Ob 

.597E+Ob 

.5b2E+Ob 

. 442E+Ob 

.405E+Ob 
. 378E+Ob 
.340E+Ob 
.2bOE+Ob 
.109E+Ob 
.b7bE+05 
.5b7E+05 

R TOT-RAN-\ 
.2bOE+Ob 
.3b7E+Ob 
.322E+05 
.805E+05 
.157E+Ob 
. 222E+05 
.332E+Ob 
.172E+Ob 
.5b7E+05 
. 121E+05 
.571E+05 
. 2b4E+05 
.230E+05 
.b27E+05 
.522E+05 
.b8lE+05 
.771E+04 
.193E+05 
.189E+05 
.111E+05 

'AR %RAN 

.5 
4.8 

. 
b 

2. 0 

7. 1 

1. 0 

18.8 
11. 1 

4.9 
1.4 
9.b 
4.7 
5.2 

15.5 
13. 8 

20. 1 

3.0 
17. b 

28. 0 

19.b 

UNCORRELATED. 30% TURBULENCE CORRELATED. 30% TURBULENCE 

SHAPE 

1TI 
2TO 
1P 

1PA 
1FS 
1TO 

2TI 
3FA 
1B 

3FS 
2FA 
4FA 

2FS 
4FS 
5FA 
2B 

5FS 
3P 

3B 

HOD 

7 

15 
1 

2 

3 
8 

14 
9 

4 

11 

5 

17 
b 

1b 
18 
13 
19 
12 
20 
10 

E TOTAL-VA 

.517E+08 

.748E+07 

.bbOE+07 

.590E+07 

.540E+07 

.485E+07 

.444E+07 

.2b1E+07 

.199E+07 

.195E+07 

.15bE+07 

.131E+07 

.120E+07 

.904E+Ob 

.701E+Ob 
. b72E+Ob 

.b25E+Ob 

.533E+Ob 

. 379E+Ob 

.212E+Ob 

R TOT-RAN-1 

.115E+07 

.13bE+Ob 

.120E+07 

.198E+07 

.280E+07 

.214E+Ob 

.220E+Ob 

.7bOE+Ob 

.412E+Ob 

.937E+Ob 

.449E+Ob 

.l89E+Ob 

.533E+Ob 

.280E+Ob 

.311E+Ob 

.104E+Ob 

.348E+Ob 

.1b8E+Ob 

.410E+05 

.121E+Ob 

FAR 9 

2. 
1. 

18. 
33. 
51. 

4. 
5. 

29. 
20. 
48. 
28. 
14. 
44. 
31. 
44. 
15. 
55. 
31. 
10. 
57. 

>RAN 

2 

8 

2 

5 

9 

4 

0 

1 

7 

0 

8 

4 

5 
0 

4 

5 

7 

5 
8 

0 

HOD 

7 

15 
1 

8 

14 
2 

3 
4 

9 

5 

17 
11 

13 
1b 

b 

12 
20 
18 

19 
10 

E TOTAL-VA 

.552E+08 

.94bE+07 

.724E+07 

.574E+07 

.5bOE+07 

.3b2E+07 

.303E+07 

.214E+07 

.1b2E+07 

.114E+07 

.104E+07 

.894E+Ob 

.b91E+Ob 

.702E+Ob 

.bb9E+Ob 
. 570E+Ob 
.393E+Ob 
.30bE+Ob 
. 23bE+Ob 

.103E+Ob 

R TOT-RAN-1 
.133E+07 
.103E+Ob 
.lbbE+07 
.275E+Ob 
.11bE+Ob 
.108E+07 
.153E+07 
.585E+Ob 
.344E+Ob 
.234E+Ob 
.833E+05 
.433E+Ob 
.b82E+05 
.l8lE+Ob 
.2b1E+Ob 
.199E+Ob 
.350E+05 
.115E+Ob 
.122E+Ob 
.530E+05 

rAR % 

2. 

1. 
22. 

4. 
2. 

29. 
50. 
27. 
21. 
20. 

8. 
48. 

9. 
25. 
39. 
34. 

8. 

37. 
51. 
51. 

.RAN 

4 

1 

9 

8 

1 

9 

4 

4 

2 

b 

0 

4 

9 

8 

0 

9 

9 

5 

b 

3 

Turbulence spectrum: Kaimal (neutral atmosphere), constant intensity 
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CONCLUSIONS 

The simulation of turbulent winds has been made more 

sophisticated and the effect of changes in the descrip¬ 

tion of turbulence have been studied. This has demon¬ 

strated that the choice of turbulence spectrum is less 

important than the degree of coherence of the turbulent 

flow. A fully correlated flow results in a considerable 

decrease in loading at low frequencies (less than 1.5 

Hz) . 

The reformulation of the aeroelastic forces has 

shown 

1. that the damping of the complex modes of vibration at 

operating speeds reported by Lobitz (3) has been 

confi rmed; 

2. the effects of including rotating frame effects and 

elastic centre offset within the aeroelastic 

formulation to be negligible; 

3. there appears to be some considerable discrepancy 

between the results from (3) and the present report 

at a rotor speed of 90 rpm. Some of this discrepancy 

may lie in the labelling of the complex modes. 

It was noted that the aeroelastic formulation was a 

linear one and is, strictly, inapplicable to cases where 

stall is occurring. In addition the variation in some 

coefficients due to an ambient windspeed have been 

neglected. 
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The amplitude spectra of stresses corresponding to 

operation at 37.5 rpm indicate several important trends. 

1. Inclusion of turbulence (even 10%) can cause 

considerable increases in the rms stress if damping 

is low. These increases are most noticeable at 

locations on the inner and outer faces of the blades. 

2. Addition of aeroelastic forces causes an attenuation 
of both stochastic and deterministic spectral peaks. 

This attenuation is most apparent at locations on the 

inner and outer surfaces where the stress is caused 

largely by in-plane blade bending. 

3. Attenuation of trailing edge stresses by aeroelastic 
forces is less severe than that of outer face 

stresses. 

4. Both the inclusion of turbulence and the 

incorporation of aeroelastic damping reduce the value 

of some 3P trailing edge stresses. 
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APPENDIX A 

FORTRAN PROGRAM TRES4 

A.1 Flowchart 

A.2 Li st ing 

A.3 Input File 

A 



READ1 IREADI STDBE | SPECTRA 

HKITE1 WRITE2 WRITE3 WRITE4 

DUST VSERIES FMODAL CMODAL 

TAB DYNSTLL SOFTEH 

Figure A1. Schematic FloHchart of Program TRES4 



PROGRAM TRES4 

HRITEt*,*)' enter basic input data file name' 
OPENt1,FILE=' ') 
ftRITEt*,*)' enter airfoil data file name' 
OPEN(2,FILE='AIRS. DAT' ) 

HRITE(*,*V enter NASTRAN bulkdata filename' 
OPEN(5,FILE=' •) 
KRITEt*,*)' enter eigenvector filename' 
OPEHO, FILE=' ') 
OPEtK 6,FILE='TRES. OUT') 
OPEt(( 7, FILE=' TRES1. OUT' ) 

OPEM( 8, FILE=' d: TRES. TUP' , ACCESS=' DIRECT' , RECL=4, FORM=" BmARY' ) 

OPEN(4,FILE=' TRESS. TMP' , ACCESS=- DIRECT' , RECL=4, FORM=" BINARY' ) 

HRITEtb, 111) 
111 FORMATC TRES4. CALCULATION OF ROTOR MODAL LOADS HITH TURBULENT 

1'HINDS USING DMST MODEL. ZSET OPTION ADDED',/,' D.J.MALCOLM, ', 
2'SEPT 1988",/,'ALTERNATIVE SPECTRA ADDED OCT 88.') 

C 

CALL READKIDS, ICL.IZS) 
CALL READ2(IZS) 
CALL READAIR 
CALL READEIG 
CALL SMOOTHdDS, ICL) 
END 
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SUBROUTINE CMODALtII,IIM) 
C 

C contributes column loads to modal loads 
COMMON/GEO/HT,DIA,HMR,HHT,NDIA,NT,MREV,HEIG,NLOOP,NOUT,NSOFT 

1,NPMAX,NDIV.NVECT,NF,NRD,IPRIMT,KTAB,KRAH, VMIN,DELF, FMIM, MSUP, CMIN 

COMMON/ROTOR/R(50),Z(50),RPM,CH(15),NSECT,NFOIL,INDEX(50),DAMP(30) 
1, ITYPE( 15), ZCOLOO), DCOLt 30), ICBEAM( 50, 2),NGRIDB,NGRIDC, IMDEXC( 30) 

COMMON/EIGEN/EIGV(120,3,22),GLOAD(512,37),EVALUE(22),IGLOAD(22) 
COMMON/RND/VBAR,HSE,C1X,C2X,C1Y,C2Y, ZO, DECAY, DELT, NTRAN, VBARZ, ARHO 

, COMMON/AERO/VDEF,THETA,DTHETA,DEL,COSD,OMEGA,RR,DZ,ARHOG,VRH, 
1 VIRH,PI,POKER,FHODE(3),VR,RE1,AS1,PHI,CDD,RMEAM,ZMEAN,GAP 

COMMOH/SPECT/SC 512, 7) , TRH( 128, b30) 
, 

C check vertical numbering of blade nodes 
ZII=Z(II) 
ZIIM=Z(IIM) 
IF(ZII.LT. ZIIM) THEM 

ZII=Z(IIM) 
ZIIM=Z(II) 

EHDIF 
C locate neighbouring column nodes closest to (ZSET) blade element and calculates 
C appropriate colum height interval (DZC). 

IC=1 
2 IC=IC+1 

ZIC=ZCOL(1C) 
ZICM=ZCOL(IC-1) 
IF(ZIC.LE.ZIIM) THEH 

GO TO 2 

ELSEIF(ZICM. LE. ZII) THEN 

IFCZIC.GT.ZII) THEN 

IFCZICM.LE.ZII) THEN 

IF(ZICM.GT.ZIIM) THEN 

DZC=ZII-ZICM 
ELSIS 

DZC=ZII-ZIIM 
ENDIF 

ENDIF 
ELSEIFtZICM.GT.ZIIM) THEN 

DZC=ZIC-ZICM 
ELSE 

DZC=ZIC-ZIIM 
ENDIF 

C loop on rotor revs and orientation 
DO 40 IREV=1,NREV 

DO 40 IT=1,NT 
AIT=IT 
TIME=RPM/bO.*(IREV-1+AIT/NT) 
KV=INT((GAP+VBARZ*TIME+R(II)*(1.-1./VDEF))/VBARZ/DELT) 
IF(KV. GE. NTRAN) HRITEtb,*)' KV >=NTRAN' 

KL=(IREV-1)*NT+IT 
V=SQRT( ( VBARZ+St KV, 1)) '>;'11;2+S( KV, 2) **2) 

• PHIC=ASIN(S(KV, 2)/V) 
V=V»VDEF 
THETAC=2. ^PI^IT/NT 

* C mean column diameter, total load on element, sharing between column nodes 
D=(DCOL(1C)+DCOL(IC-1))/2. 
DRAG=ARHOG'kV'ltV/2. *D'>;DZC*1. 0 

DRAG1=DRAG/2. 
DRAG2=DRAG/2. 

C loop on eigenmodes 
DO 10 1=1,NEIG 
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10 GLOADt KL,I)=GLOAD(KL,I)-(EIGV( 1C. 1, I)*DRAG1+EIGV( IC-1,1,1 
1 )* DRAGa^SIMCTHETAC+PHIC) - COS( THETAC+PHIC) *( EIGV( 
2 1C, 2, I) *DRAG1 +EIGV( IC-1, 2, I) *DIIAG2) 

40 CONTINUE 

EHDIF 

IF(ZIC.LT. ZII) THEM 
GO TO 2 

EHDIP 
RETURN 
END 
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SUBROUTINE DECOMPtIXY) 
C 

C decomposes csd' s into transfer matrix according to 3=11^ H) t. 
C results are stored in same locations in TRH. 

COMMON/GEO/HT,DIA,HMR,NHT,NDIA,NT,NREV,NEIG,NLOOP,HOnT,MSOFT 
1,NPHAX,NDIV,NVECT, NF,MRD, IPRINT, KTAB, KRAN, VMIN, DELF, FMIN, NSUP, CMIll 

COMMON/HMD/VBAR,HSE,C1X,C2X,C1Y,C2Y,ZO,DECAY,DELT, MTRAM, VBARZ, ARHO 

COMMOH/SPECT/S(512,7),TRH(128,b30) 
HN=(^IHT+1)'lt(ltDIA+1) 
MSP=l^N'lt(MN+1)/2 

C loop on frequencies 
DO 10 M=1,HTRAN/2 

C initialize first column 
TRH( M, 1)=SQRT(TRH(M,1)) 
DO 20 IMD=2,HN 

ICOL=IMD*(IHD-1)/2+1 
TRH( M, ICOL) =TRH( M, ICOL) /TRH( M, 1) 

20 CONTINUE 
C solve for each IND1 ron 

DO 30 IND1=2,NN 
DO 30 IND2=2,IND1 

INDX=IND1*(IND1-1) /2+IND2 
SHM=0.0 
DO 40 K=1,IND2-1 

INDX1 =IMD1'"'(IND1 -1) /2+K 
INDX2=IND2*( IND2-1) /2+K 

40 SUM=SUM+TRH(M,INDX1) "TRm M, INDX2) 

IPdND2.LT.IND1) THEN 

INDX21=INDX2+1 
TRH(M,INDX)=(TRH( M, INDX) -SUM) 

1 /TRH(M,INDX21) 
ELSE 

TRH(H,INDX)=SQRT(TRH( M, INDX) -SUM) 
ENDIF 

30 CONTINUE 
10 CONTINUE 
C store on disc 

DO 50 ICOL=1,NSP 
50 »IRITE( 8) ( TRH( M, ICOL), M=1, NTRAN/2) 

RETURN 
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SUBROUTINE DFT(XSEED,IXY) 
C 

C this routine adds a random phase to the columns of H, performs 
C an inverse Fourier transform on each spectrum, and obtains the 
C time series at each point by summing the rons. 

COMMON/GEO/HT,DIA,HMR,NHT,NDIA,NT,NREV.NEIG,MLOOP,MOUT,NSOPT 
1,NPMAX,NDIV,NVECt,NF,NRD,IPRIHT,KTAB,KRAN, VMIM,DELF, FMIN, HSUP, CMIH 

COMMON/HND/VBAR,USE,C1X,C2X,C1Y,C2Y,ZO,DECAY,DELT,NTRAN,VBARZ,ARHO 
COMMON/SPECT/S( 512, 7), TRH( 128, b30) 
COMMON/EIGEN/EIGVt120,3,22),GLOAD(512,37),EVALUE( 22), IGLOADt 22) 
DIMENSION HORKK512), HORK2(512) 
MM=(NHT+1)*( HDIA+1) 
PI=ACOS(-1.) 

C loop on frequencies 
DO 10 M=1,NTRAN/2 
M1=211(M-1 

M2=2:I1;M 

C loop on columns 
DO 20 IND2=1,NN 
PHASE=RANDOM( XSEED) *2. '"PI 

C loop on ro»s 
DO 20 IND1=IMD2,NN 
IHDX=IHD1*(IND1-1) /2+IND2 
TRH(M2,INDX)=TRH( Ml, IMDX) *S1S( PHASE) 
TRH(M1,IHDX)=TRH( M1,IHDX) *COS( PHASE) 

20 COHTIHUE 
10 CONTINUE 
C loop on spectra 

DO 30 IND1=1, NN 

DO 30 IND2=1,IND1 
INDX=IHD1*(IHD1-1) /2+IND2 

C transfer to working vectors and add conjugate to 2nd half 
DO 40 M=2,NTRAN/2 
M1=2*M-1 
M2=2*M 
HORK1(M)=TRH( Ml, INDX) 
HORK2(M)=-TRH( M2, INDX) 
HORK1(NTRAN-M+2)=TRH( Ml, INDX) 

40 WORK2(NTRAN-M+2)=TRH( M2, INDX) 

HORK1(NTRAN/2+1)=0.0 
HORK2(HTRAN/2+1)=0.0 

C remove zero frequency (mean Bind) 
HORK1(1)=0. 
HORK2(1)=0. 

C carry out Fourier transform 
IN=0 
CALL FFT842(IN,NTRAN,HORK1, HORK2) 

C store (real part of) output back into TRH,(* by N) 

DO 50 M=1,NTRAN 
50 TRH(M,INDX)=HORK1(M) 
30 CONTINUE 
C sum across rons to obtain final time series. Store in TRH 

DO 60 M=1,NTRAN 
C loop on rows 

DO 70 IND1=1, NN 

ICOL^NDT*^ IND1-D/2+2 
TEMP=0.0 

DO 72 IND2=1,IND1 
INDX=ICOL-2+IND2 

72 TEMP=TEMP+TRH( M, INDX) 
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C store longitudinal series in GLOAD array 
IFdXY. EQ. DTHEH 

GLOAD(M,IND1)=TEMP 
ELSE 

TRH(M,IND1*2-1)=TEMP 
EHDIF 

70 COHTIMUE 
bO CONTINUE 
C combine longitudinal and lateral series 

, IFdXY.EQ.2) THEN 
DO 71 IND1=1, NM 

DO 71 M=1,NTRAN 
, 71 TRH(N, 2illIHD1)=QLOAD(M,Il^D1) 

ENDIF 
RETURH 

END 
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SUBROUTINE DMST(ISIGW,II,JJ,KS,KA,KY,ITUBB,IMIT,IMITRE,IDS) 
C 

C iterative solution to momentum balance based on method by R J Templin 
C Programmed by D J Malcolm 

COMMOM/GEO/HT,DIA,HMR,MHT,NDIA,HT, MREV,HEIG. MLOOP, MOHT, MSOFT 

1, MPMAX, NDIV, MVECT, MF, MRD, IPRIMT, KTAB, KRAM, VMIM, DELP, FMIM, MSUP, C11IM 
COMMON/ROTOR/R( 50) , 2( 50) . RPM,CH(15),HSECT.MFOIL,INDEX(50),DAMPC30) 

1, ITYPEt15),ZCOL(30),DCOL(30),ICBEAM(50,2),MBRIDB,MGRIDC.INDEXC(30) 
COMMOM/HMD/VBAR,USE,C11,C2X,C1Y,C2Y,ZO,DECAY.DELT,NTRAN,VBARZ,ARHO 
COMMOM/AIRFOIL/DSETt 5,50,11),DSET1(50, 2), RE( 5, 5) , AS( 5, 5), 

1CDMIMC 5,5),MRE(15),TC(5),HA(5),AHG(50) 
COMMOM/AERO/VDEF,THETA,DTHETA,DEL,COSD,OHEGA,RR,DZ,ARHOG,VRH, 

1 V1RH, PI, POHER, FMODE( 3),VR,RE1,AS1,PHI,ODD,RMEAH,ZMEAM,GAP 
COHMOH/SPECT/S(512,7),TRH(128,630) 
VDRH=VRH*.q0 
IF(INIT,EQ. 1) VDRH=VRH/( 1. +CDD/4. ) 

DMP=.75 
CRIT=0. 010 
JDS=1 

IF(IDS.EQ.0) JDS=0 
IC=0 
BETA=THETA+ISIGN)ltPHI 

C iterate to converge on disc drag coefficient 
2006 IC=IC+1 

AA=RR/VDRH+COS(BETA) 
BB=SIM(BETA)*COSD 
QQD=AA*AA+BB;lltBB 
ALPH=ATAM2( BB/SQRT(QQD),AA/SQRT(QQD)) 
IALPH=SIGN(1.0,ALPH) 
ALPHABS»ABS(ALPH) 

C relative velocity, stall angle, local Reynolds number (initial pass only) 
IPdHITRE. EQ. 0) THEH 

VR=VDRtP"DIA/2. *OMEGA*SQRT( QQD) 

RE1 =VR*CH( KS) 'lt63q4. /I 44. 
AS1=AS(KA,1) 

EMDIF 
C dynamic stall 

IF(QQD.LT.0.01.OR.VR. LT. DIA*OMEGA/20. ) JDS=0 

IP( ALPHABS. LT. 5. /57. 3. OR. ALPHABS. GT. 3. '"ASI/^. 3) JDS=0 

DADT=0.0 
ALPHR=ALPHABS 

IF(JDS.EQ.I) THEN 
DADTsISIGH^OMEGA^COSD^ 1. +RR/VDR^P>!COS( BETA)) /QQD 

IFdTURB. EQ. 1) THEM 

VDEF1=1.0 
IF(ISIGH.EQ.-1) VDEF1=VDEF 
VP1 =SQRT( ( VBARZ+S( KV+1,1)) '•'*2+S( KV+1, 2) '"•*2) 

VM1=SQRT((VBARZ+S(KV-1,1))**2+S( KV-1, 2)**2) 
DADT=DADT+( VP1 -VM1) "'VDEFI /2. /DELT 

1 *Slf«. BETA) "'COSD^RR/DIA'1^. /OMEQA/VRH/VDRH/QQD 

PHIP1=ASIH(S(KV+1,2)/VP1) 
PHIM1=ASIM(S(KV-1, 2)/VM1) 
DADT=DADT+(PHIP1-PHIM1)/2./DELT^COSD^t1. +RR/VDRH* 

1 COS(BETA))/QQD*ISIQH 
EMDIF 
CALL DYMSTLLt DADT,CH(KS),ALPHABS, ALPHR, TC( KA)) 

EMDIF 
C interpolate between data to obtain lift and drag coeffs. 

IF(ALPHR.QT.PI) THEM 

HRITE( 6. 101)II,JJ, KV,IMIT,1C,JDS,DADT,ALPH,ALPHR,PHI,QQD,VDRH,BETA 

A& 



101 FORMATCII JJ KV INIT 1C JDS DADT ALPH ALPHR PHI QQD VDRH BETA', 
1 bI3.7EQ.2) 

ALPHR=0.0 
ALPH=0.0 
JDS=0 

EHDIF 
CALL TAB(ALPHR,CL,CD,CDM,IHITRE,KA) 
INITRE=1 
IF(ALPHABS.HE.0.0) CL=CL*ALPHABS/ALPHR 
CN=IALPH'ltCL)ll;COS( ALPH) +CD*SIN( ALPH) 

CT=IALPH'11CL'1[SIN( ALPH) -CD'ltCOS( ALPH) 

IFdMIT. EQ.O) THEM 

CDD=2. *CH( KS) "'QQD/2. /PI/SIN( THETA) /RMEAN*( CN'"'SIH( THETA) 
1 - CT;I11COS( THETA)/COSD) 

IF(ODD.GE. 4. 0) THEN 

DMP=DMP*. b7 

CRIT=CRIT*1.5 
ENDIF 

IFdC.GT.S) THEN 

HRITE(b,100)II,JJ,KS,1C,ISIGN,CDD,CRIT 
V1RH=VDRH 

ELSE 
VRHAsyDRtW 1. +CDD/4.) 
IF(ABS((VRHA-VRH)/VRH).LE.CRIT) THEM 

VIRHsVDRfP-d. -CDD/4. ) 

CDD=4. "'(VRH/VDRH-I. ) 

ELSE 
VDRIt=VDRH-DMP)lt( VRHA-VRH) 
GO TO 2006 

ENDIF 
ENDIF 

ENDIF 
C calculate nodal forces 

TEMP=CH( KS) *QQD*( DIA/2. *OMEGA'1!VDRH) 'lt'l•2'>•ARHOG/2. '1<ABS( DZ) /COSD 
FNODE( 1) =-CNATEMP'liCOSDlll!ISIGN 

FNODE(2)"CT^TEMP 
FNODE( 3) sCN^TEMP^SINC DEL) '"ISIGN 

IP(INIT.EQ.0) POHER'POHER+2. *FNODE(2)*RMEAN*RPM/NT/84484. 
100 FORMATC CONVERGENCE NOT MET. 11=',13,• JJ=',13,' KS=', 

113,' IC=",13,' ISIGN=",13.' CDD=',F7. 3,'CRIT=' , Fb. 3) 
RETURN 

END 
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SUBROUTINE DYHSTLU DADT,C,ALPH,ALPHR,TO 

Uses the dynamic stall model of Qormont (Boeing-Vertol) modified by 

B.Masse and by R.J. Templin (notes of 21 Mov 1983) 
Returns the value of ALPHR 

COMMOH/AERO/VDEF,THETA,DTHETA,DEL,COSD,OMEGA,RR,DZ,ARHOG,VRH, 
1 VI RH, PI, POHER, FNODEO), VR, RE1, AS1, PHI, ODD, RMEAH, ZMEAN, GAP 

REAL M,M2,M1 
A=ALPH^It57. 29b 

correct for Mach no 
M1=0. 4+5. *(.. Ob-TC) 

M2=.9+2.5*(.Ob-TC) 
M=VR/1080./12. 
GAM2=(1. 4-b.*(.Ob-TC))*(M2-M)/(M2-M1) 

Gormont stall delay parameter 
AB=SQRT( ABS(DADT*C/2./VR)) 

dynamic stall breakpoint 
ABCRIT=.Ob+1.5*<.Ob-TC) 
ABCRIT=0.0 

RJT neighting of dynamic stall effect 
P=(A-5. )/(AS1-5. ) 

IF(A.GT.ASt) P=1.-( A-ASD/2./AS1 
correction for sign of DADT 

G=.75+SIGNt1.,DADT)*. 25 

calculate reference angle 
ALPHR=ALPH-GAM2*(AB-.5*ABCRIT)*Q*SIGN(1. , DADT) *P 

IF(ALPHR.LT.0.1) ALPHR=0.1 
RETURN 
END 
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SUBROUTINE FMODAL(IBLADE,II,IIH,KL) 
C 

C this routine adds contributions to the modal load time series 
COMMOH/GEO/HT,DIA,HHR,NHT,NDIA,NT,NREV,NEIG, NLOOP, HOUT, NSOFT 

1,HPMAX,MDIV,NVECT,MF,MRD,IPRINT,KTAB,KRAN,VMIM,DELF,FMIN, NSUP,CMIM 
COMMOM/ROTOR/R(50),Z(50),RPM,CH(15),NSECT,NFOIL,INDEX(50),DAMP( 30) 

1,ITYPEt15),ZCOL(30),DCOL(30),ICBEAMt 50,2),MGRIDB,MGRIDC,INDEXC(30) 
COMMOH/AERO/VDEF,THETA,DTHETA,DEL,COSD,OMEGA,RR,DZ,ARHOG,VRH, 

1 V1RH,PI,POHER,FNODEt 3),VR,RE1,AS1,PHI,CDD, RMEAH, ZMEAM, GAP 

COMMON/EIGEM/EIGV(120,3,22),GLOAD(512,37),EVALUE(22),IGLOADt 22) 
C identify column in matrix EIGV corresponding to blade node II and blade # IBLADE 

ICOL=NGRIDB*(IBLADE-1)+11 +MGRIDC 

ICOLM=MGRIDB*(IBLADE-1)+IIM+MGRIDC 
C calc contribution to each of NEIG eigenvectors 

DO 10 1=1,MEIG 
S(JM=0. 0 

DO 20 J=1,3 
20 SIJM=SUM+( EIGV( ICOL, J, I) +EIGV( ICOLM, J, I) ) /2. *PNODE( J) 
10 GLOAD(KL,I)=GLOAD(KL,I)+SUM 

RETURN 
END 
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SUBROUTINE FORMT(E,SE,ME,NN) 
C reformats vector E into exponential form 

CHARACTER SEC 25b) 
DIMENSION E(25b), NE(256) 
DO 50 1=1, NN 

NE(I)=0 
SEC !)='+' 
IF(ABS(E(I)).EQ.0.) GO TO 50 
IF( ABS(E(D). LT. 1. 0) GO TO 20 
SE( 1)=' +' 

10 CONTINUE 

NE(I)=NE(I)+1 
E(I)=E(I)/10 
IF(ABS(E(I)).GT. 1. 0) GO TO 10 
GO TO 50 

20 CONTINUE 

SE(I)=' -' 
30 CONTINUE 

NE(I)=NE(I)+1 
E(I)=E(I)*10 
IF(ABS(E(I)).LT.1.0) GO TO 30 
NE(I)=NE(I)-1 
E( I)=E( D/10 
IP( NE(I). LE. 9) GO TO 50 
NE(I)=0 
E(I)=0. 

50 CONTINUE 
RETURN 
END 
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SUBROUTINE HSHP 
C 

C supress omitted subcases (modes) 
CHARACTERS TYPE 

COMMON/ALPHA/TYPEt15),VAR,ISUP(10),IZSET(50),NZSET 
COMMON/GEO/HT,DIA,HMR,NHT,HDIA,NT,NREV,HEIG,NLOOP, HOnT,HSOFT 

1, NPMAX, NDIV,NVECT,NF,NRD,IPRINT,KTAB,KRAN,VMIN,DELF,FMIN,MSBP,CHIM 
COMMOK/EIGEM/EIGV(120,3,22),GLOAD(512,37),EVALBE(22),IGLOAD(22) 
WRITE( 7, 118)0,2,1,0,MEIG,1 

118 FORMAT('$',/,'$ DE-ACTIVATE UMHAHTED NODES',/,'$',/, 
1 "DMI HSUP ',4I8,8X,2I8) 

C Hrite DMI cards for HSBP 

IF(MSUP.LE.3) THEH 

HRITE(7,119)1,(ISnP(I),1.0,1=1,HSBP) 
liq FORMATCDMI HSUP • 

, 18, 3( 18, P8. 1)) 
ELSE 

HRITE( 7, 120)1, ( ISBP(I),1.0,1=1,3),1 
120 FORMATCDMI HSUP ' 

, 18, 3( 18, F8. 1), •+HSUP', II) 
NSUP1=MSnP+1 

11=0 
K=1 

5b MSUP1=HSI»P1-4 
11=11+4 
IF(HSUP1. LE. 4) THEN 

HRITE(7,121)K,(ISUP( I), 1. 0,1=11, HSUP) 

121 FORMATt'+HSOP',II,2X,4( 18. F8. 1)) 
ELSE 

K=K+1 

HRITE(7, 122)K-1,(ISOP(I),1. 0, 1=11, II+3), K 

122 FORMAT(•+HSUP',II,2X, 4( 18, F8. 1), 
' +HSUP' , II) 

GO TO 5b 
EMDIF 

ENDIF 
RETURN 
END 
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SUBROUTINE INPUT(J) 
C reads from unit J, checks for initial $ sign 

CHARACTER AA 

1 READ(J, 100)AA 
100 FORMAT(A1) 

IF(AA. EQ. 
' $' ) CO TO 1 

q BACKSPACE J 

RETURN 
END 
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SUBROUTINE PRINT( HORK) 
C 

C writes HASTRAM TABLE for cross spectra using chosen option 
CHARACTER SC(256) 
COMMOH/GEO/HT, DIA, HMR,NHT,NDIA,NT,NREV,HEIG,NLOOP,NOUT,MSOFT 

1, NPMAX,NDIV,NVECT,MF,NRD,IPRINT,KTAB,KRAN,VMIN,DELF,FMIN,NSUP, CHIN 
COMMON/EIGEN/EIGVt120,3,22),GLOAD(512,37),EVALUE( 22), IGLOADt22) 
COMMON/SPECT/S(512,7),TRH(128, 630) 
DIMENSION HORK(256),NC(256),FREQ(128),H2(256),IV(256) 

^ HRITE(7,100)KRAH,KTAB 
100 FORMAT(•TABRMD1 •,18,56X,•+TAB",14) 
C remove all values where nore than 2 consecutive zeroes 

, IF(IPRINT.EQ.1) THEN 
R2( 1)=ttORK( 1) 

IV( 1)=1 
J=1 

DO 11 1=2,NF-1 
IF(ABS(HORK(1-1)).GT.CHIN.OR.ABS( HORKtI)). GT. CHIN. OR. ABS( HORK 

1 (1+1)).GT.CHIN) THEN 

J=J+1 

IV(J)=I 
H2( J)=HORK(I) 

ENDIF 
11 CONTINUE 

H2(J+1)=HORK(NF) 
IV( J+1)=NF 
NN=J+1 
CALL FORMT( H2, SC, NC, NN) 

ELSE 

CALL FORMT( HORK,SC,NC,NF) 
ENDIF 

C print full cross spectra 
IF(IPRINT.EQ.1) THEN 

NCARD=NN/4 

IP(NCARD.GT.0) THEN 
DO 12 1=1,NCARD 
HRITEt 7, 11 3) KTAB, ( DELF^C IV(L)-1), H2( L) , SC( L) , NC( L), L=I 

1 *4-3,I'>;4), KTAB+1 

113 FORMAT('+TAB',14,4(F8. 3,F6. 4, A1, 11), 
' +TAB' , 14) 

12 KTAB=KTAB+1 
ENDIF 
NREM=NN-NCARD*4 

IF(NREM.EQ. 0) THEN 

HRITE(7,114)KTAB 
114 FORMATC+TAB',14,' ENDT') 

ELSEIF(NREM.EQ.1) THEN 

HRITE(7,115)KTAB,DELF*(IV(NN)-1),H2(NN) , SC( NN) , 
NC( NN) 

115 FORMATC+TAB',14,F8.3,F6.4,A1,11,' ENDT') 
ELSEIF(NREM.EQ.2) THEN 

HRITEC 7,111)KTAB,(DELF^CIV(I)-1),H2(I),SC(I),NC(I) , I=NN-1, NN) 
* 111 FORMAT( '+TAB', 14, 2(F8. 3, F6. 4, A1, ID, 

• ENDT') 
ELSE 

HRITE(7,112)KTAB,(DELF*(IV(I)-1),H2(I),SC(I),NC(I),I=NN-2,NN) 
* 112 FORMATC +TAB' , 14, 3( F8. 3, F6. 4, A1, ID, 

• ENDT') 
ENDIF 

ELSEIF(IPRINT.EQ.2) THEN 
C write cross spectra at harmonic frequencies only with intermediate zeros 
C reorder vectors onto harmonics only with adjacent zeros 

DO 10 IP=1,NPMAX 

II^P^I 
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JJ=IP*NDIV+1 
HORK(II)=lfORK(JJ) 
HORK(II-1)=0. 0 

HORK(II-2)=0. 0 

NC(II)=NC(JJ) 
NC(II-1)=0 
HC(II-2)=0 
FREQ(II)=DELF*( JJ-1) 
FREQt11-2)=DELFA( JJ-HDIV) 

10 FREQ(II-1)=DELF*(JJ-2) 
C print TABLE in groups of 4 

Ha=NPMAX*3+1 
NCARD=NG/4 
NRE^NG-HCARD^U 

DO 30 IC=1.HOARD 
HRITE(7, 104)KTAB,(FREQ(II), HORK(II), SC( II) , 

NC( II) , II=IC*4-3, 
1 IC*4),KTAB+1 

104 FORHATt ' +TAB' .14,4(F8. 3, Fb. 4, A1, II), '+TAB',14) 
30 KTAB=KTAB+1 

IFCNREM. EQ. 0) THEN 

RRITE(7, 105)KTAB 
105 FORMATt ' +TAB' , 14, 

' ENDT') 
ELSEIF(NREM.EQ.1) THEN 

HRITE(7,1 Ob)KTAB,FREQ(MG),H&RK(NQ),SC(MQ),MC(NG) 
lOb FORMATC+TAB',I4,F8. 3,Fb. 4,A1,I1,' ENDT') 

ELSEIF(NREM.EQ.2) THEN 

HRITE(7,107)KTAB,(FREQ(I),HORK(I),SC(I),HC(I),I=HG-1,HG) 
107 FORMATC +TAB',14,2(F8.3,Fb.4,A1,11),• EHDT') 

ELSE 

HRITE(7,108)KTAB,(FREQ(I),HORKtI),SC(I),HC(I),I=HG-2,NG) 
108 FORMATC +TAB',14,3(F8.3,Fb.4,A1,I1),• EMDT") 

ENDIF 
C Krites cross spectra at 5 harmonic frequencies only (no intermediate zeros) 

ELSEIF(IPRIMT.EQ.3) THEN 

f^RITE(7,109)KTAB,(DELF'l<(II-1), HORKt II) , SC( II) , HC(II),II=1, 
1 3'1!MDIV+1,NDIV),KTAB+1 

10q FORMATt•+TAB',14,4(F8.3,Fb.4,A1,II),'+TAB' ,14) 
KTAB=KTAB+1 

HRITE(7,110)KTAB,(DELF^11-1),HORK( II),SC( II) . MC( II) , II=4*NDIV+1 
1 ,NF,MDIV) 

110 FORMATC +TAB',14, 2(F8. 3, Fb. 4,A1,I1),' EMDT') 
EHDIF 
KTAB=KTAB+1 
RETURN 
END 
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SUBROUTINE PRIHT2 
C 

C prints out all of auto spectral densities onto unit #b 

COMMOW/GEO/HT,DIA,HMR,MHT,MDIA,MT,NREV,NEIG,MLOOP,MOUT, MSOFT 

1, NPMAX, NDIV,MVECT,MF,MRD,IPRINT,KTAB.KRAN,VMIM,DELP,FMIM, IISHP,CMIM 
COMMON/EIGEM/EIGV(120,3,22),GLOAD(512,37),EVALUE(22),IGLOAD( 22) 
COMMON/SPECT/S(512,7),TRH(128, 630) 
COMMOH/ROTOR/RC 50),Z(50),RPM,CH(15),HSECT,NFOIL,INDEX(50),DAMP(30) 

1, ITYPE( 15), ZCOU 30), DCOL( 30), ICBEAM( 50, 2), NGRIDB, HGRIDC, I1»DEXC( 30) 
, DELF=RPM/bO. /HREV 

IF(NREV. GT. 1) THEM 

NN=NEIG 

. IP(MEIG. GT. 14) MH=14 
C smooth spectra 

DO 2 1=1,KM 
IG=IGLOAD(I) 

DO 2 J=1,MPMAX 
DO 2 K=1,HREV-2 
M=MREV*(J-1)+K+1 

2 TRH(IG,M)=(TRH(IG,M)+TRH(IG,M+1))/2. 
C print spectra 

RRITE(6,100)(I,I=1,MM) 
100 FORMATt/,' AUTO SPECTRAL DENSITIES',/,4X,•FREQ',1 OX,'MODE HO.',/, 

18X,14iq) 
DO 1 M=1,HREV*HPMAX+1 
FREQ^M-D^DELF 

1 HRITE(b,101)M,FREQ,(TRH(I,M),1=1.NM) 
101 FORMAT(13,Pb.3,14E9.3) 

ELSEIFt MREV.EQ.1) THEN 

HRITE(b,102) 
102 FORMAT( ' MODE# OP IP 2P 3P 4P 5P') 

DO 3 I=1,NEIG 
IG=IGLOAD(I) 

3 HRITEt fa,103)IG,(TRH(IG,M),M=1,b) 
103 FORMAT(13,bE9.3) 

EHDIF 
RETORM 

END 
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FUNCTION RANDOM(XSEED) 

C 

C based on HP-35 applications manual (S. MIKHAIL) 
X=EXP( 5. *AtOG( XSEED+3. 1 41 592b)) 
XSEED=X-INT( X) 

RANDOM=XSEED 
RETURN 

END 
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SUBROUTINE READAIR 
C 

C reads and stores the required airfoil datasets nith corresponding Reynolds 
C numbers, static stall, and Cdmin 

CHARACTERS AA,TYPE,NAME 
COMMON/ALPHA/TYPE(15),VAR,ISUP(10),IZSETt50),NZSET,ISPECT 
COMHON/GEO/HT,DIA,HMR,NHT,NDIA,HT,NREV,NEIG,NLOOP,HOUT, NSOFT 

1, NPMAX,HDIV,NVECT,HF,MRD,IPRINT,KTAB.KRAN,VMIN,DELF,FMIN,NSUP,CHIN 
COMMON/ROTOR/R(50),Z(50),RPM,CH(15),NSECT,NFOIL,INOEX(50), DAMP( 30) 

1, ITYPE(15), ZCOL(30),DCOL(30),ICBEAMt50,2),NGRIDB,MGRIDC,IHDEXCt30) 
COMMON/AIRFOIL/DSET(5,50.11),DSET1(50,2),RE(5,5),AS(5,5), 

1CDMIH(5,5), HRE(15), TC( 5), HA( 5), AMG( 50) 
C 

C loop on no of airfoils. 
DO q 1=1,NFOIL 

C search for airfoil name 
J1=0 

11 J1=J1+1 
IF(J1. LE. MSECT) THEM 

IFdTYPE(JI). HE. I) GO TO 11 

NAME=TYPE(J1) 
ELSE 

HRITE(b,*)' ERROR IN READAIR' 
STOP 

ENDIF 
10 ANG(1)=0. 

DSET1(1,1)=0. 
miT=o 

C read first 8 letters of lines and check for airfoil description 
J=0 

1 READ( 2, 100)AA 
100 FORKAT(AB) 

IF(AA.EQ.'ENDFILE •) THEM 

REMIND 2 

GO TO q 

ELSEIF(AA. NE. NAME) THEN 
GO TO 1 

ENDIF 
J=J+1 
NRE( I)=J 

C read Reynolds no., static stall angle, Cdmin, aspect ratio 
READ(2, lODREd, J) , AS( I, J) , CDMIN( I, J), TC( I) 

101 PORMAT( F10.0,F10.2,2F10.4) 
C read angle of attack, Cl and Cd 

K=0 
4 K=K+1 

READ(2, 102)A,CL,CD 
102 FORMAT(3F10. 4) 

IF(INIT.EQ.0.OR.K. EQ. 1) THEN 

DSETd, K, 1)=A 
DSETd, K,2*J)=CL 
DSET(I,K, 2*J+1)=CD 
DSET1(1,2)=CD 
IF(A. GE. 180. ) THEN 

HAd)=K 
INIT=1 
GO TO 1 

ELSE 
GO TO 4 

ENDIF 
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ELSE 
C use ANG and DSETIas buffers for non-initial data sets 

AHG(K)=A 
DSETKK, 1)=CL 
DSETKK, 2)=CD 
IF(A. LT. 180. ) THEN 

GO TO 4 

ELSE 
C interpolate cl and cd values to fit initial angle set 

DO 5 KK=2,NA(I) 
K=1 

b K=K+1 

IF(DSET(I,KK,1). LE. ANG(K)) THEN 

G=(DSET(I,KK,1)-ANG(K-1))/< ANG( K) -ANQ( K-1)) 
DSETd, KK, 2'1IJ)=(1. -G^DSETKK-I, 1) +Q'"DSET1 ( K, 1) 
DSET( I, KK, 2*J+1)=(1.-G)*DSET1(K-1,2)+G*DSET1(K,2) 

ELSE 

IF(AMG(K).GE.180.)HRITEt b,103)I,J,K,KK,ANG(K),DSET(I,KK,1) 
IF(ANG(K). GE. 180. ) STOP 
GO TO b 

EHDIF 
5 CONTINUE 

EHDIF 
ENDIF 
GO TO 1 

q COHTIHUE 
103 FORMATC I J K KK ANG(K) DSETtI,KK,1) • 

,414.2E10. 3) 
RETURN 
END 
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SUBROUTINE READEIG 
C 

C reads in eigenvalues from MASTRAN punched output file and stores in EVALUE(). 
C Note that punched file format puts grid 4s in ascending order. This proram 
C assumes that all column nodes lie betneen 1 thru 99 and that blade 1 nodes 
C lie nithin 101 thru 199. Any nodes not associated nith the column or the 
C blades must lie above 299. Eigenvectors are stored in EIGV(i,j,k). 

CHARACTER*!0 AA 

COMMON/GEO/HT, DIA, HMR,NHT,HDIA,MT,NREV,NEIG,KLOOF,NOUT,NSOFT 
1, NPMAX, NDIV, NVECT,MF,NRD,IPRIHT,KTAB,KRAN,VMIN,DELF,FMIN,NSUP,CMIM 

COHMON/ROTOR/R( 50), Z( 50),RPH,CH(15),NSECT,NFOIL,IMDEK 50).DAMP(30) 
1, ITYPE(15),ZCOL(30),DCOL(30),ICBEAM(50,2),NGRIDB,NGRIDC,INOEXC( 30) 

COMMOM/EIGEM/EIGVt120,3,22),GLOAD(512,37),EVALUE(22),IGLOAD(22) 
DIMENSION DISP(3) 

C loop on the no of eigenvectors and eigenvalues required 
DO 10 1=1,NEIG 

1 READ(3,102)AA 
IF(AA.NE. •$EIGENVALC' ) GO TO 1 

BACKSPACE 3 

READO, 103)B 
EVALHE(I)=SQRT(B)/b. 28319 

C read in column components 
DO 50 J=1,NGRIDC 
READ( 3, 100)NODE,(EIGV(J,K,I).K=1.3) 

50 READO, 100) 
C loop on no. of (both) blade nodes 

DO 30 J=NGRIDC+1,NGRIDC+2*NGRIDB 
READ(3,100)NODE,(EIGV(J, K, I), K=1, 3) 

C HRITE(6,100)NODE, ( EIGV(J, K, I), K=1, 3) 

30 READ(3,100) 
10 CONTINOE 
C Hrite eigenvalues 

HRITE(6,104) 
104 FORMAT(/,' MODE EIGENVALUE') 

HRITE(6,105)(I,EVALUE(I),1=1,NEIG) 
105 FORMATt14,F9.3) 
100 FORMAT(110.8X.3E18.b) 
102 FORMAT(AIO) 
103 FORMAT(1bX,E12. 7) 
lOb FORMAT(7X,I3) 

RETURN 

END 
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SUBROUTINE READ1 ( IDS, ICL,IZS) 
C 

C reads in some basic data from unit #1 and nrites to unit #b 
C 

CHARACTER'S AA 

CHARACTERS TYPE 

COMMOH/ALPHA/TYPEC15),VAR,ISUP(10),IZSET(50),NZSET,ISPECT 
COMMON/GEO/HT,DIA,HMR,MHT,MDIA, NT,MREV, NEIG, HLOOP, NOUT, MSOFT 

1, NPMAX, MDIV, MVECT,HF,HRD,IPRIMT,KTAB,KRAM,VMIM,DELF,FMIH,MSUP,CMIN 
COMMON/ROTOR/Rt 50),Z( 50),RPM,CH(15),HSECT,HFOIL,IMDEX(50),DAMP(30) 

1, ITYPE(15), ZCOLOO), DCOL(30),ICBEAM(50, 2), NGRIDB,HGRIDC,IMDEXCt30) 
COMMOH/HND/VBAR,USE,C1X,C2X,C1Y,C2Y,ZO,DECAY,DELT,NTRAH,VBARZ,ARHO 

C read and write basic variables 
CALL IHPUTCl) 
READ( 1, "') HT, DIA, HMR, RPM, VBAR, RSE, DELT, ARHO 

CALL IHPUT(-l) 
READ( 1, *) C1X, C2X, C1Y, C2Y, ZO,DECAY,VAR,MSOFT,FMIM,CMIM 
CALL IMPOTC1) 
READ(1,*) ISPECT 
CALL IHPUT(I) 
READ ( 1, *) MHT, NDIA, MEIG, NT,NREV,HSECT,NLOOP,MPMAX,NDIV,HOUT,NSUP 
HRITEt b,104)HT,HT/39.37 
HRITE(b,108)DIA,DIA/39.37 
HRITE(b,110)HMR,HMR/39.37 
HRITE(b,109)RPM,RPM/9.549 
HRITE(b,117)VBAR,VBAR/2.237 
HRITE(b,111)HSE 
HRITEtb, 11 2) ARHO 

HRITEtb, 121) DELT 

HRITE(6, 11b)HHT 
HRITEtb, 11 5) NDIA 
HRITEtb,14b)ISPECT 
HRITE(b,122)C1X 
HRITE(b, 123) C2X 

HRITE(b,128)C1Y 
HRITE(b, 129) C2Y 

HRITE(b,124)ZO 
HRITE(b, 125) DECAY 

HRITE(b,135)VAR 
HRITEtb, 14DPMIN 
HRITE(b, 142) CMIN 

HRITE(b,139)NSOFT 
HRITEtb, 113)HEIG 
HRITE(b, 114)MT 
HRITEtb, 118)NREV 
HRITEtb, 119)HPMAX 
KRITE(b, 130)HDIV 
HRITEtb,120)NLOOP 
HRITE(b, 13b)MOUT 
CALL INPUT(I) 

C flags for dynamic stall, column loading, use of ZSET, print option 
READd, 103)AA 

103 FORMAT(A3) 
IDS=0 
IF(AA.EQ.'YES') IDS=1 
HRITE(b, 13DAA 
CALL IMPUT(I) 
READd, 103)AA 
ICL=0 
IF(AA. EQ. 

• YES') ICL=1 
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HRITE(b, 133)AA 
CALL INPUTd) 
READd, 103)AA 
IZS=0 
IF(AA. EQ. 

' YES" ) IZS=1 
HRITE(b, 143)AA 
CALL INPUTd) 
READd, *:IIPRINT 
HRITEtb, 134)IPRINT 
FORMAT( ' ROTOR HEIGHT 

ROTOR DIAMETER 
ROTOR SPEED 

104 
108 
109 

110 
111 
112 
113 
114 
115 
11b 
117 
118 
119 
120 
121 

122 
123 
128 
129 
124 
125 
130 
131 
133 
134 
135 
136 
139 
141 

142 
143 
146 

FORMAT(' 
FORMAT( ' 

FORMAT(' 
1) 

FORMAT(• 
FORHAT( ' 

FORMAT(' 
FORMAT(' 
FORMATt' 
FORMAT(• 
FORMAT( ' 

FORMAT(' 
FORMAT( ' 

FORMAT(' 
FORMATt' 
FORMATt' 
FORMAT(' 
FORMATt' 
PORMATt' 
FORMAT(' 
FORMAT(• 
FORMATC' 

FORMATt' 
FORMATC 
FORMAT(• 
PORMATC 

FORMAT(• 
FORMAT(' 
FORMAT(' 
FORMAT(' 
FORMAT(' 
FORMAT(' 
FORMATt• 

ROTOR HEIGHT 
ROTOR DIAMETER 
ROTOR SPEED 

MID-ROTOR HEIGHT 
HIND SHEAR EXPONENT 

AIR DENSITY 
NO OF EIGENVECTORS USED 
NO OF DIVISIONS IN CYCLE 
# LAT DIV IN HIND ARRAY 
# VERT DIV IN HIND ARRAY 

MID ROTOR HINDSPEED 
NO OF ROTOR REVOLUTIONS 
MAX PER-REV MULTIPLE 
tt ENSEMBLE VALUES 

TIME SERIES: DELTA T 

TURB. SPECTRUM CONST. C1X 

TURB. SPECTRUM CONST. C2X 

TURB. SPECTRUM CONST. C1Y 

TURB. SPECTRUM CONST. C2Y 

SURFACE ROUGHNESS 

DECAY COEFFICIENT FOR CSDs=' 
OUTPUT: # DIVISIONS/CYCLE 
DYNAMIC STALL? 
COLUMN LOADING? 
PRINT OPTION # FOR CSDs 

LONGIT TURB INTENSITY 
PRINT LOOP INTERVAL* 
# TIME INTERVALS SMOOTHED 

VMIN:CSD-VAR CUTOFF FRACT 
CMIN CSD:CUTOFF MAGNITUDE 
ZSET USED? 

TURBULENCE SPECTRUM NO. 

=• 

=• 

=' 

=' 
^t 

=• 

^t 

=• 

=' 
^« 

=' 
=• 
—i 

=• 
i 

^t 

=' 
=' 

i 

=' 

=' 

=' 
=' 
=• 

=' 
=' 
=• 

^i 

,Fb.1,' 
,Fb.1,' 
,Fb.1," 

,Fb.1," 
, Fb.3) 
,Fb.4,' LB/l 

,Ib) 
,Ib) 
,Ib) 
,Ib) 
,Fb.1,' 
,Ib) 
,Ib) 
, Ib) 
,Fb.3,' SEC; 

,Fb.2) 
,Fb.2) 
,Fb.2) 
, Fb.2) 
, Fb.3,• 
,Fb.3) 
,Ib) 

',A3) 
',A3) 

, Ib) 
,Fb.3) 
,Ib) 
,Ib) 
,F6.3) 
, E9. 3) 

',A3) 
,Ib) 

INS 
INS 
RPM 

INS 

MPH 

M') 

=',F5.1,' M') 

=',F5.1,' M") 

=',F5.3,' RAD/S' 

=',F5.1,' M") 

LB/FT3') 

=',F5.1,' M/S") 

C select length of time series (to nearest poner of 2) 
TIME=NREV*bO. /RPM 
NTRAN=(TIME+DIA*1. 50/VBAR/17. b)/DELT 
NB=0 

1 NB=NB+1 

IF(2**NB.LT.NTRAN) GO TO 1 

NTRAN=2**NB 
HRITE(b, 12b)NTRAH 
HRITE(b,127)NREV^NT 
NN=( NHT+D^fNDIA+l) 
RRITE(b,140)NN"^ NN+1)/2 

12b FORMAT(/,' LENGTH OF HINDSPEED SERIES=',Ib) 
127 FORMATC LENGTH OF LOAD SERIES =',Ib) 
140 FORMATC ft SPATIAL ARRAY ELEMENTS =',Ib) 
C read data on blade sections, chords, and associated airfoil types 
C and type #s 

CALL INPBT(1) 
HRITE(b, 105) 

AZ3. 



105 FORMAT(/,•SECTION* FOIL* FOIL-TYPE CHORD(IN) •) 
K=0 

DO 2 I=1,HSECT 
READ(1,138)II, TYPE( I),CH( I) 

138 FORMAT(14,A8,F10.2) 
J=0 

5 J=J+1 

IF(J.LT.I) THEN 

IF(TYPEd). ME. TYPE(J)) GO TO 5 

ITYPE(I)=ITYPE(J) 
ELSE 

K=K+1 

ITYPE(I)=K 
ENDIF 

2 CONTINUE 
NFOIL=K 
HRITEt b,137)(I,ITYPE(I),TYPE( I), CH( I), 1=1, HSECT) 

137 FORMAT(216,2X, A8, F8. 2) 
C read in mode numbers and critical modal damping factors (default = 0.00) 

DO 4 1=1,NEIG 
4 DAMP(I)=0.00 

WRITE(b, 102) 
102 FORMAT(/,' HODE CRITICAL DAMPING') 

CALL INPUT(I) 
3 READ(1,*)ILAM,CRIT 

DAMP(ILAM)=CRIT 
RRITE( b,101)ILAM,DAMP(ILAM) 

101 FORMAT(I4, F10, 2) 

READ(1,100)AA 
100 FORMAT(AI) 

IF(AA. NE.'$') THEN 
BACKSPACE 1 

GO TO 3 

ENDIF 
C read in eigenvector tts to be suppressed 

IF( NSUP.GT.0) THEN 

CALL IHPUT(I) 
WRITE(b,144) 

144 FORMAT(/,' SUPPRESSED EIGENVECTORS') 
DO b I=1,NSUP 
READ(1,'lt)ISUP(I) 

b HRITE(b, 145)ISUP(I) 
145 FORHAT(2QX,13) 

ENDIF 
RETURN 

END 
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SUBROUTINE READ2(IZS) 
C 

C reads required geometry data from NASTRAN bulkdata and writes to unit b 

CHARACTERS TYPE 
CHARACTER"^ AA 

COMHON/ALPHA/TYPE( 15),VAR,ISUP(10),IZSET(50),NZSET, ISPECT 
COMMOH/GEO/HT,DIA,HMR,NHT,NDIA,NT,NREV,NEIG,NLOOP,NOHT,MSOFT 

1,MPMAX.NDIV,NVECT,NF,NRD,IPRINT,KTAB,KRAN,VMIN.DELF,FMIN,HSuP,CHIN 
COMMON/ROTOR/R(50),Z(50),RPM,CH(15),NSECT,MFOIL,IHDEX(50),DAMP(30) 

1,ITYPE(15),ZCOL(30),DCOL(30),ICBEAM(50,2),HGRIDB,MGRIDC,IHDEXCt 30) 
HGRIDB=0 
HGRIDC=0 
NCBEAM=0 

1 READ(5, 100)AA 
100 FORMAT(A4) 

IF(AA.EQ.•GRID' ) THEN 

BACKSPACE 5 

READt 5. 101)II, RR,ZZ,DD 
101 PORMATt 8X,18,8X,F8.2,8X,F8.2,24X, F8. 2) 

IF(II.GE.100.AND.II.LT.200) THEN 
C blade #1 coordinates 

NGRIDB=NGRIDB+1 

INDEX(NGRIDB)=II 
R(NGRIDB)=RR 
Z(NGRIDB)=ZZ 

C column coordinates and diameters 
ELSEIFtII.LT. 100) THEN 

NGRII)C=NGRIDC+1 
INDEXC(NGRIDC)=II 
ZCOL(NGRIDC)=ZZ 
DCOL(NGRIDC)=DD 

ENDIF 
GO T01 

ELSEIF(AA.EQ. ' CBEA' ) THEN 

BACKSPACE 5 

READ(5, 102)IB,IP 
102 PORMAT(8X,2I8) 

IP(IB.GE.100.AND.IB.LT.200) THEN 
C blade 1M elements 

NCBEAM=NCBEAM+1 

ICBEAHCNCBEAM,1)=IB 
ICBEAM(NCBEAM,2)=IP 

ENDIF 
GO TO 1 

C read ZSET nodes for blade #1 

ELSEIF(AA.EQ.•$ZSE") THEN 

BACKSPACE 5 

READ(5, 107)(IZSET(I),I=1,20) 
107 FORMAT(5X,2014) 

NZSET=Q 
2 NZSET=NZSET+1 

IF(IZSET(NZSET+1).GT.O) THEN 
BO TO 2 

» ENDIF 
GO TO 1 

ELSEIFCAA. NE.'ENOD') THEN 
GO TO 1 

ENDIF 
HRITE(b,103)NGRIDB+1 
HRITE(b,104)NQRIDC 

A25. 



103 FORMAT(/,' # OF ELEMENTS PER BLADE =',Ib) 
104 PORMATC TOTAL # OF COLUMN NODES =',Ib) 
C fill in missing diameters using linear interpolation 

JJ1=0 
b2 JJ1=JJ1+1 
b3 II=JJ1 
b4 11=11+1 

IF(II.LE. NGRIDC-1) THEN 

IF(DCOL(II).EQ. 0. 0) GOTOb4 
IF(II. LE. JJ1+1) GO TO b2 

JJ2=II 
G=(DCOL(JJ2)-DCOL(JJ1))/(ZCOL(JJ2)-ZCOL(JJ1)) 
K1= JJ1+1 
K2=JJ2-1 

DO b1 KK=K1,K2 
b1 DCOL( KK) =DCOL( JJ1) +G'>;( 2COL( KK) -ZCOL( JJ1) ) 

IF(JJ2.LT.NGRIDC-3) THEN 

JJ1=JJ2 
GO TO b3 

ENDIF 
ENDIF 

C if ZSET not used then replace Kith complete set 
IF(IZS.EQ.O) THEN 

NZSET=NGRIDB 
DO 5 I=1,NGRIDB 

5 IZSET(I)=I+100-1 
ELSE 

HRITE(b, 108)(IZSET(I), 1=1, NZSET) 

108 FORMAT(/,' ZSET=',2014) 
ENDIF 
RETURN 
END 
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SUBROUTINE SIJ(IXY) 
C 

C generates the spectral densities of turbulence for the rectangular spatial 
C array based on the coherence function given by Frost & Turner and used 
C by P Veers. Note: csd is assumed real. Values are stored in columns 
C of TRH using alternate rons. This routine uses S.I. units. 

COMMON/GEO/HT,DIA, HMR,NHT,HDIA,NT,NREV,NEIG,NLOOP,NOUT,NSOFT 
1,HPMAX,NDIV,NVECT,NF,HRD,IPRIMT,KTAB,KRAM,VMIN,DELF,FMIM,NSUP,CMIH 

COMMON/HMD/VBAR, USE, C1X,C2X,C1Y,C2Y,ZO,DECAY,DELT,NTRAN,VBARZ,ARHO 
COMMON/SPECT/SC 512,7),TRH(128,630) 
DIMENSION HORK(512) 
NN=(NHT+1)*(NDIA+1) 
NSP=NN:I>•(NN+1)/2 
DELHT=HT/NHT 

DELF=1./NTRAN/DELT 
C establishes the (continuous 1-sided) poner spectral densities for NHT+1 
C vertical levels. PSD stored in S(i,j). Note: present max spatial array size 
C is 6 x 4 divisions (corresponding to NSP=b30) 

DO 30 1=1,NHT+1 
HM=HMR-HT/2. +(1-1)*DELHT/39.37 
VM=VBAR*( H/HMR) **tlSE*447 
IF(IXY.EQ.t) THEN 

C1=C1X 
C2=C2X 

ELSE 

C1=C1Y 
C2=C2Y 

ENDIF 
DELF=1. /NTRAN/DELT 
HORKt1)=1. 

DO 50 M=1,NTRAN/2 
F=(M-2)*DELP 

50 HORK(M)=( TSPECTt VM,HM,C1,C2,F)+TSPECT(VM,HM,C1,C2,F+DELF))/2. 
C calculate and print the rms of spectrum 

RMS=0. 0 

DO 40 J=1,NTRAN/2 
IF(J.ST.1) RMS=RMS+HORK(J) 

40 S( J, I)=HORK(J) 
RMS=SQRT(RMS*DELF) *2. 237 
RRITE(b,100)IXY, I, RMS, RMS/V 

100 PORMAT(•IXY=',12,' HEIGHT LEVEL=',12,• RMS=",F5.2,• MPH COEFF', 
1 ' OF VARIATION"',F4.3) 

30 CONTINUE 
C loop on frequencies 

DO 10 M=1,NTRAN/2 
FR=(M)*DELF 

C loop on array height 
DO 20 1=1,NHT+1 

C loop on array width 
DO 20 J=1,NDIA+1 

C location index 
IND1=(1-1)*(NDIA+1)+J 

C loop for 2nd location 
DO 20 K=1,I 
DO 20 L=1,NDIA+1 
IND2=( K-1)*(NDIA+1)+L 
IPdND2.LE.IND1) THEN 

C index for storage in TRH columns 
INDX=IND1*( IND1-1) /2+IND2 

C distance between pairs of points 
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DX=DIA/MDIA 
DZ=HT/NHT 
DIST=SQRT( ( DZ*( I-K)) **2+( DX*( J-L) ) **2) /39. 37 

C coherence function. Note, DELF/2 factor converts 1-sided continuous 
C spectrum to 2-sided disrete spectrum. 

GAMMA=EXP(-DECAY^FR^DIST/VBAR/. 477) 
IF(GAMMA.LT. 1. E-10) GAMMA=0.0 
TRH( M, INDX) =SQRT( GAMMA^SC M, I) *S( M, K)) 'ltDELF/2. 

ENDIF 
20 CONTIHUE 
10 CONTINUE 

RETURN 
END 
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SUBROUTINE SMOOTH(IDS, ICL) 
C 

C This routine organizes an ensemble of spectra for modal loads 
CHARACTERS TYPE 
COMHOM/ALl?HA/TYPE( 15), VAR, ISUP( 10) , IZSET( 50), NZSET, ISPECT 
COMHON/GEO/HT,OIA,HHR,HHT,HDIA,HT,NREV,HEIG,NLOOP,NOUT,NSOFT 

1,NPMAX,NDIV.NVECT,NF,NBD,IPRINT,KTAB,KRAN,VMIN, DELF, FHIN, NSUP, CMIM 

COMMON/ROTOR/R(50),Z(50),RPM,CH(15),NSECT,NFOIL.IHDEX(50),DAMP(30) 
1,ITYPE(15),ZCOL(30),DCOL(30),ICBEAMt50,2),MGRIDB,HGRIDC. IMDEXCC30) 

COMMON/EIGEM/EIGV(120,3,22),GLOAD(512,37) , EVALUE( 22), IGLOADt 22) 
COMMON/HND/VBAR,HSE,C1X,C2X,C1Y.C2Y,ZO,DECAY,DELT,HTRAK,VBARZ,ARHO 
COMMON/SPECT/S(512,7),TRH(128,b30) 

, 
C # of terms in load series, # of spatial array points, elements in matrix 
C of spectra 

NL=MT;111MREV 

HN^NHT+D^MDIA+I) 
NSPsNI'WHM+l)^ 

C set up transfer matrices, H, for longitudinal and lateral directions 
REHIMD 8 

DO 60 I:(Y=1, 2 

CALL SIJ(IXY) 
bO CALL DECOMP(IXY) 
C loop on nhole process to generate ensemble 

XSEED=0.5 
IOUT=0 

DO 10 ILOOP=1,HLOOP 
XRAN=RANDOM(XSEED) 

C generate longitudinal (IXY=1) and lateral (IXY=2) time series 
REWIND 8 

DO 50 IXY=1,2 
DO 13 ICOL=1,NSP 

13 READ( 8) ( TRH( £'"N-1, ICOL), M=1, MTRAN/2) 
50 CALL DFT(XSEED,IXY) 
C DMST aerodynamics 

CALL STHBE(IDS, ICL, XSEED) 
C generate modal spectra, store and print 

CALL SPECTRA(ILOOP,IOUT) 
MRITEt*,*)' COMPLETED LOOP #',ILOOP 

10 CONTINUE 
RETURN 

END 
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SBBROUTINE SOFTEN(IXY,RMS,RMSA,XSEED) 
C 

C corrects time series for particular streamtube to have correct rms 
C and carries out any required smoothing 

COMMOH/GEO/HT,DIA, HMR,NHT,NDIA,NT,NREV,HEIG,HLOOP,NOUT,NSOFT 
1. NPMAX, NDIV, NVECT, MF,NRD,IPRIHT,KTAB,KRAM,VMIN,DELF,FMIM,MSOP,CMIM 

COMMON/HMD/VBAR,USE,C1X,C2X,C1Y,C2Y,ZO,DECAY,DELT,NTRAN,VBARZ,ARHO 
COMMOH/SPECT/St 512,7),TRH(128,630) 

C add Khite noise to supply missing variance (as proposed by P Veers) 
RMS2=0.0 
IF(RMSA.GT.RMS) THEN 

DO 1 M=1,MTRAN 
RAH=(RANDOMC XSEED)-0.5) 
S( M, IXY) =S( M, IXY) +SIGN( 1. 0, RAN) "'SQR'H ABS( RAN) *3. * 

1 (RMSA^RMSA-RMS^RMS) ) 

1 RMS2=RMS2+S(M,IXY)**2/NTRAN 
ENDIF 

C carry out any smoothing 
IF(NSOFT.GT.1) THEN 

DO 2 M=1,NTRAN-NSOFT+1 
DO 3 MM=M+1,M+NSOFT-1 

3 S(M, IXY)=S(M,IXY)+S(MM, IXY) 
2 S(M,IXY)=S(M,IXY)/NSOFT 

ENDIF 
RETURN 
END 
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SUBROUTINE SPECTRA(ILOOP,IOCT) 
C 

C generates the auto and cross spectral densities of modal loads 
COMHON/GEO/HT,DIA,HHR,NHT,NDIA,NT,NREV, NEIG, HLOOP, NOBT, HSOFT 

1,HPMAX,NDIV,NVECT,NF,NRD,IPRINT,KTAB,KRAH,VMIN,DELF,FMIN, NSHP, CHIN 
COMMON/EIGEN/EIGV( 1 20, 3, 22), GLOADt 51 2, 37), EVALDE( 22), IGLOAD( 22) 
COMMON/SPECT/S(512,7),TRH( 128, 630) 
DIMENSION U(512), V(512) 
REWIND 4 

NL=NREV*NT 
C NSP=total no of modal spectral densities 

NSP=NEIG*( NEIG+D/2 
C loop for FPTS of modal loads. Store output in GLOAD. 

DO 10 1=1,NEIG 
DO 11 M=1, NL 

?(M)=0.0 
11 U( M)=GLOAD(M, I) 

IN=0 
CALL FFT842(IN,NL, B, V) 

DO 12 M=1, NL/2 
GLOADt 2*M-1, I)=U( M) /NL 

12 GLOAD(2*M, I) =V( M)/NL 
C read in previous auto spectra and oalc nen (averaged) spectra 

DO 70 M=1,NL/2 
IP( ILOOP.GT.1) THEN 

READ(4)TRH(I, M) 

ELSE 

TRH(I,M)=0. 0 

ENDIF 

F=2. 
IF(M.EQ.I) F=1. 

70 TRH( I, M) =( TRH( I, M) *( ILOOP-1) +F'1!( GLOAD( 2)liM-1, I) **2+ 
1 GLOAD(M*2, I)*'1[2))/ILOOP 

10 CONTINUE 
C prepare output (intermediate loops or last loop only) 

IOUT=IOUT+1 
IF(IOUT.EQ.NODT) THEN 

IOOT=0 
CALL HRITE1 
IF(ILOOP.EQ.NLOOP) THEN 

CALL WRITE2 
CALL WRITE3 

ENDIF 
ENDIF 

C trrite auto spectra onto disk 
REWIND 4 

DO 90 1=1,NEIG 
DO 90 M=1, NL/2 

90 HRITE(4)TRH(I, M) 

C generate & update (upper triangle) of csds - Sij - one at a time 
NREC=NEIG*NL/2+1 

DO 2 JJ=2,NEIG 
DO 2 11=1,JJ-1 

DO 3 M=1,NL/2 
IF(ILOOP.GT.1) THEN 

READ( 4, REC=NREC)(S(M,K),K=1,2) 
ELSE 

S( M,1)=0.0 
S(M, 2)=0. 0 

ENDIF 
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M2=2*M 
M1=M2-1 
CSD1=GLOAD(M1, JJ) "•GLOADt Ml, II)+GLOAD( M2, JJ)'"•GLOADt H2,II) 
CSD2=+GLOAD( M1, JJ) '"GLOAD( M2, II) -GLOAD( M2, JJ) *GLOAD( Ml, II) 
F=2. 
IF(M.EQ.I) F=1. 
S( M, 1)=(S(M,1)*(ILOOP-1)+F*CSD1) /ILOOP 
S( M, 2) =( S( M, 2)'"'( ILOOP-1) +F'ltCSD2) /ILOOP 

3 HREC=NREC+2 

IF(ILOOP.EQ.MLOOP) THEN 
CALL HRITE4( II,JJ) 
IF(JJ.EQ.3) HRITE(7,100) 

100 FORMAT('ECHOOFF') 
ELSE 

NREC=MREC-NL 
HRITEt 4, REC=HREC) ( (S(M,K),K=1,2),M=1,ML/2) 
HREC=1'(REC+HL 

EHDIF 
2 CONTINUE 

RETURN 
END 
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SBBROBTINE STUBE(IDS, ICL, XSEED) 
C 

C defines the loop on all ZSET streamtubes and calls relevant subroutines. 
CHARACTERS TYPE 

COMMON/ALPHA/TYPEt15),VAR,ISHP(10),IZSET(50),NZSET,ISPECT 
COMMOM/GEO/HT,DIA,HMR,HHT,NDIA,MT,NREV,NEIG,HLOOP,MOUT, HSOFT 

1,NPMAX,MDIV,HVECT,HP,NRD,IPRIMT,KTAB,KRAN,VMIM,DELF,FMIH,MSUP, CMIH 

COMMON/ROTOR/R(50),Z(50),RPM,CH(15), MSECT, MFOIL, INDEX( 50), DAMP( 30) 

1, ITYPE( 15), ZCOL( 30), DCOL( 30), ICBEAM( 50, 2), NGRIDB, NQRIDC, INDEXC( 30) 
COMMON/ HND/ VBAR, HSE, C1 X, C2X. C1 Y, C2Y, ZO, DECAY, DELT, tITRAM, VBARZ, ARHO 

COMMOH/AERO/VDEF,THETA,DTHETA,DEL,COSD,OMEGA,RR,DZ,ARHOG, VRH, 
1 VI Rft, PI, POKER, FNODEC 3) , VR, RE1, AS1, PHI, ODD, RMEAH, ZMEAN, GAP 

„ COMMON/EIGEH/EIGV(120,3,22),GLOAD(512,37),EVALUE(22),IGLOAD( 22) 
COMMON/SPECT/S(512,7),TRH( 128, &30) 

PI=3. 1tH5q3 
OMEGA=RPM)1[0. 10472 
POHER=0.O 
ARHOG=ARHO/1728. /38b. 
KV=2 

GAP=DIA/2. *2. bO 

DTHETA=2.*PI/NT 
C zero matrices 

HL=NT*NREV 
DO 50 1=1,MEIG 

DO 50 J=1, NL 

50 GLOADtJ, I)=0. 0 

C Loop on (ZSET) blade elements; set up blade angle 
DO 10 IZ=2,NZSET 
II=IZSET(IZ)-100+1 
IIM=IZSET(IZ-1)-100+1 

C check location for airfoil type (KA) and section type(KS) 
KS=ICBEAM(II,2)-100 
KA=ITYPE(KS) 
DR=R(II)-R(IIM) 
DZ=Z( II)-Z(IIM) 
DEL=ATAW(DR/DZ) 
COSD=COS(DEL) ^ 

RMEAM=(R(II)+R(IIM))/2. 
RR»RMEAH/DIA'lt2. 

C check location for airfoil type (KA) and section type(KS) 
KS=ICBEAM(II,2)-100 
KA=ITYPE(KS) 

C mean nindspeed (in/sec) 
ZMEAN=(Z(II)+Z(IIM))/2. 
VBARZ=VBAR)1(( ( ZMEAH-Zt ( HQRIDB+1) /2) +HMR) /HMR) **HSE*17. b 

C loop on lateral location 
DO 10 JJ=1, NT/2 
THETA»(JJ-.5)*DTHETA 

C determine distribution of mean xindspeeds in streamtube 
VRH=VBARZ/DIA*2./OMEGA 

« INIT=0 
INITRE=0 
ITURB^O 

• PHI=0. 0 

ISIGN=+1 
CALL DMSTtISIGM,II,JJ,KS.KA,KV, ITURB, IHIT, IHITRE, IDS) 
VDEF=V1RH/VRH 

C generate time series for this streamtube 
CALL VSERIES(XSEED) 

C turbulent flon included. Loop on revolutions for upstream disk 
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ITURB=1 
IMIT=1 

DO 20 IREV=1,HREV 
C velocity series index for blade ftl 

KV=IHT((GAP+R(II)*S1«(THETA)+VBARZ*(THETA+2. *PI*( IREV-1)) 
1 /OMEGA)/VBARZ/DELT) 

C load series index for blade #1 

KL=(IREV-1)*HT+JJ 
C total ambient Hindspeed (non-dimensional) 

VRH=SQRT( ( VBARZ+S( KV, 1)) '"*2+S( KV, 2) **2) 
PHI=ASIH(S(KV,2)/VRH) 
VRH=VRH/DIA*2. /OMEGA 

C 

CALL DMST(ISIGH,II,JJ,KS,KA,KV,ITURB,IHIT,IHITRE, IDS) 
C 

CALL FMODALt1,II,IIM,KL) 
C blade # 2 

KV=KV+PI/DELT/OMEGA 
IF(KV.GE.NTRAN) HRITE(6,*)1 KV >=HTRAM II,JJ,KV , II, JJ, KV 

KL=KL+HT/2 
VRH=SQRT((VBARZ+S(KV,1))**2+S( KV, 2) **2) 
PHI=ASIN(S(KV, 2)/VRH) 
VRH=VRH/DIA*2. /OMEGA 

CALL DMST(ISIGH,II,JJ,KS,KA,KV,ITBRB, IMIT, IHITRE, IDS) 
FMODE( 1)=-FMODE(1) 
FMODE(2)=-FHODE(2) 
CALL FMODAL(2, II,IIM, KL) 

20 CONTINUE 
C column loading 

IF(JJ.EQ.NT/4.AND.ICL.EQ.1) THEN 

CALL CMODAL(II,IIM) 
ENDIF 

C loop for donnstream disk 
INIT=0 
INITRE=0 
ISIGN=-1 

C calc ODD for donnstream mean velocity 
ITORB=0 
PHI=0.0 
VRtt=VDEF*VBARZ/DIA*2. /OMEGA 

CALL DMST( ISIGN,II, JJ,KS,KA,KV,ITURB,IHIT,INITRE,IDS) 
C include turbulence, loop on ft of revs 

ITURB=1 

INIT=1 
DO 30 IREV=1,NREV 

C blade #1 

KV=INT((GAP-R(II)*SIN(THETA) *( 2. /VDEF-1. ) 

1 +VBARZ*( 2. *PI*IREV-THETA)/OMEGA)/VBARZ/DELT) 
IF(KV.GE.MTRAN) HRITE(6,*)• KV >=NTRAN II,JJ,KV,II,JJ,KV 
VRH=SQRT( ( VBARZ+S( KV, 1) ) *'"2+S( KV, 2) **2) 
PHI=ASIM(S(KV,2)/VRH) 
VRH^RH/DIA*^. /OMEGA^VDEF 

KL=IREV*HT-JJ+1 
IJ=MT-JJ+1 
CALL DMST(ISIGM,II,JJ,KS,KA,KV,ITURB,INIT,IHITRE,IDS) 
CALL FMODALd,II,IIM,KL) 

C blade # 2 

KV=KV-PI/DELT/OMEGA 
IF(KV.LE.I) HRITE(b,*)' HARHIHG: KV=', KV 

KL=KL-HT/2 
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VRH=SQRT( ( VBARZ+S(KV, 1))**2+S(KV,2)**2) 
PHI=ASIH(S(KV,2)/VRH) 
VRH=VR^^/DIA;I1•2. /OMEBA^VDEF 
CALL DMST( ISIGN, II,JJ,KS,KA,KV,ITHRB,INIT,IMITRE,IDS) 
FMODE(1)=-FMODE(1) 
FNODE(2)=-FNODE(2) 
CALL FMODAL(2,II,IIM,KL) 

30 CONTINUE 
11 CONTINUE 
10 CONTINUE 

HRITEt6,101)POWER 
101 FORMATt ' 

POHER=',F6.1,' KH') 
RETURN 
END 
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SUBROUTINE TAB(ALPHR.CL,CD,CDM,INITRE, KA) 
C 

C Accesses the stored airfoil data and interpolates linearly between 
C Reynolds numbers. Re values are kept constant ftithin a convergence 
C loop. 

COMMON/AIRFOIL/DSET(5,50, 11), DSETK50, 2), RE( 5, 5), AS( 5, 5), 
1CDMIN(5,5),NRE(15),TC(5),NA(5), ANG( 50) 

COMMON/AERO/VDEF,THETA,DTHETA,DEL,COSD,OMEGA,RR,DZ,ARHOQ,VRH, 
1 V1RH,PI,POKER,FNODEt 3),VR,RE1,AS1,PHI, ODD, RHEAN, ZHEAN, GAP 

COMMON/ROTOR/R(50),Z(50),RPM,CH(15),NSECT,HFOIL,IHDEX(50),DAMP(30) 
1,ITYPE(15),ZCOLt 30),DCOL(30),ICBEAM(50,2),MBRIDB,NGRIDC, INDEXC( 30) 

IF(INITRE.EQ. 0) THEN 
C if only one Re for this airfoil no need to interpolate 

IF( NRE(KA). EQ. 1) THEN 

AS1=AS( KA, 1) 
CDM=CDMIN(KA, 1) 

DO 10 J=1, NA(KA) 
ANG(J)=DSET(KA, J, 1) 
DO 10 K=1,2 

10 DSET1(J,K)=DSET(KA.J,K+1) 
ELSE 

RE2=RE1 

IF(RE1. LT. RE(KA,D) RE2=RE(KA,1) 
IF(RE1.GT.RE(KA,NRE(KA))) RE2=RE(KA,NRE(KA)) 

DO 1 1=2, NRE(KA) 

IF(RE2. LT. RE(KA,D) GO TO 2 

1 CONTINUE 
2 G=(RE2-RE(KA,1-1))/( RE(KA, I) -RE( KA, 1-1)) 

CDM=CDMIN(KA,1-1)*(1. -0)+G*CDMIN( KA, I) 
AS1=AS(KA,I-1)*(1. -O+G^AStKA,!) 

DO 4 J=1, NA(KA) 

ANG(J)=DSET(KA,J,1) 
DO 4 K=1,2 

4 DSETKJ, K)=(1. -G)'>;DSET(KA,J,2*(I-2)+K+1)+DSET(KA,J,2;II1(I-1)+ 
1 K+D^G 

ENDIF 
ENDIF 
AB=ALPHR*57. 295 

C interpolate between angles of attack 
J=0 

3 J=J+1 

IF(J.GE.NA(KA)) THEN 

HRITEt b,100)J,KA,INIT,NA(KA),AB 
100 FORMAT(• J=*,14,•KA=',14,• INIT=",14,' WA(KA)»',14,' ANQ=',Fb.2) 

HRITEt b,101)VDEF,THETA,RR,RE1,AS1,PHI 
101 FORMATC VDEF THETA RR RE1 AS1 PHI'.bE10.3) 

ENDIF 
IF( AB. GT. ANG(J+D) GO TO 3 

X=( AB-ANG( J) ) /( ANG(J+1)-ANG(J)) 
CL=DSET1 ( J, 1) +X*( DSET1(J+1,1)-DSET1(J,1)) 
CD=DSET1(J,2)+X*(DSET1(J+1,2)-DSET1(J,2))+CDM 
RETURN 

END 
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FUNCTION TSPECT(VM,HM,C1,C2,F) 
C 

C calculates value of turbulence spectra (SI units) using appropriate formula 
CHARACTER"^ TYPE 

COMMON/ALPHA/TYPEt15),TAR,ISUP(10),IZSET(50),NZSET,ISPECT 
COMMOH/GEO/HT,DIA,HMR,MHT,MDIA,NT,HREV, HEIG, NLOOP, NOHT, NSOFT 

1, NPMAX,NDIV,NVECT,NF,HRD,IPRIMT,KTAB,KRAH,VMIN,DELF,FMIN,NSUP,CMIN 
COMMON/HHD/VBAR,HSE,C1X,C2X,C1Y,C2Y,ZO,DECAY,DELT,NTRAN, VBARZ, ARHO 

IF(F.LT.0.0) F=0.0 
IF(ISPECT.EQ.1) THEN 

C KaimaK stable/ strickland) 
TSPECT=(VAR;11(VM)3*C*2*C^;11!HM/VM/(1. +C2'11( F^HM/VM) **1. bb7) 

ELSEIF(ISPECT. EQ. 2) THEN 
C Frost et alia 

VREF=VBAR'IC( 393. 7/HMR) **HSE/2. 237 
TSPECT=C1'ltHM*VREF/(ALOG(HM/ZO+1)*;ALOG( 10. /Z0+1))/( 1. +C2*( F*HM/VREF 

1 *ALOG( 1 0. /ZO+1) /ALOG( HM/ZO+1)) """'I. bb7) 
ELSEIF(ISPECT.EQ. 3) THEN 

C Kaimal neutral 
TSPECT=C111(VM;*!HM/( 1. +C2'1!F*HM/VM) **'\. bb7/( ALOGt HM/ZO) ) **2 

ELSEIF(ISPECT. EQ. 4) THEN 
C Von Karman (neutral) (Fordham ) 

AL=120. 
TSPECT»( VAR^VM) **2)11C1 "'AL/VM/C 1. *C2*( F*AL/VM) **2) **0. 833 

ELSEIF(ISPECT. EQ. 5) THEN 
C von Karman ( Fordham neutral) dependent on height and roughness 

AL=120. 
TSPECT=C1 *AL*. gSS^VM/C ALOG( HM/ZO)) •k*•2/( 1. +C2*( F*AL/VM) **2) **. 833 

ENDIF 
RETURN 

END 
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SUBROUTINE VSERIES(XSEED) 

extracts the time series for this streamtube by linear interpolation 
between the 4 neighbouring locations in the spatial array. 

COMMON/GEO/HT,DIA, HMR,MET, NDIA,MT,NREV, MEIG, MLOOP, NOUT, NSOPT 

1,NPMAX,NDIV,NVECT,NF,NRD,IPRINT,KTAB,KRAN,VMIM,DELF,FMIN,NSUP,CHIN 
COMMON/ROTOR/R(50),Z(50),RPM,CH(15),HSECT,HFOIL,INDEXt 50),DAMP( 30) 

1, ITYPE(15),ZCOL(30),DCOL(30),ICBEAM(50,2),NGRIDB.NGRIDC,INDEXC(30) 
COMMON/HND/VBAR,HSE,01X,C2X,C1Y, C2Y, ZO, DECAY, DELT, NTRAN, VBARZ, ARHO 

COMMON/AERO/VDEF,THETA,DTHETA, DEL, COSD,OMEGA, RR, DZ, ARHOG, VRH, 
1 VI RH, PI, POHER, FNODE( 3) , VR, RE1,AS1,PHI,ODD,RMEAN,ZMEAH,GAP 

COMMON/SPECT/S(512,7),TRH(128,630) 
determine the lower row no in array and fractional spacing in interval 

ZZ=ZMEAN 

adjust for rotor coordinates 
IF(Z(1).LT.0. 0) ZZ=ZMEAH+HT/2 
IROH=0 
IROM=IROH+1 
ZROH=HT/NHT*IROH 
IF(ZZ.GT.ZROH) GO TO 1 

^Z=ZZ/HT)ltNHT-( IROft-1) 
determine lateral column no. in array 

YY=DIA/2.-RMEAH*COS(THETA) 
ICOL=0 
ICOL=ICOL+1 
YCOL=DIA/HDIA*ICOL 
IF( YY.GT.YCOL) GO TO 2 

YY=YY/DIA*HDIA-(ICOL-1) 
identify four neighbouring array points 

I1=ICOL+(IROH-1)*(HDIA+1) 
12=11+1 
13=11+HDIA+1 
14=13+1 

synthesize time series from 4 neighbouring vectors and calc rms (in/sec) 
of synthesized time and the average of neighbouring points 

DO 10 IXY=1,2 
RMS=0.0 
RMSA=0.0 

DO 11 M=1,NTRAN 

S(M,IXY)=((1.-ZZ)*(1.-YY)*TRH( M, 2*11 -IXY+1) 
1 +YY;>;(1.-ZZ);lltTRH(M,2*I2-IXY+1) 
2 +ZZ:*;(1.-YY)*TRH(M, 2*I3-IXY+1) 
3 +ZZ'ltyYATRH( M, 2*I4-IXY+1)) *39. 37 

RMS=RMS+S(M,IXY)*'1!2 
RMSA=RMSA+TRH( M, 2*11 -IXY+1) **2+TRH( M, 2'ltI2-IXY+1) **2 

1 +TRH( M, 2*I3-IXY+1) '>;*2+TRH( M, 2*I4-IXY+1) **2 
RMS=SQRT( RMS/NTRAN) 
RMSA=SQRT( RMSA/4. /NTRAN) ;lll39. 37 

adjust time series for correct rms and carry out any smoothing 
CALL SOFTEN( IXY, RMS, RMSA,XSEED) 
CONTINUE 

RETURN 
END 
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SUBROUTINE HRITE1 
C 

C this routine reorders, prints (on unitb), and smooths the auto spectra 
COMMON/QEO/HT, DIA, HMR,MHT,NDIA,NT,NREV,HEIQ,NLOOP,NOUT,NSOFT 

1,NPHAX,NDIV,NVECT,NF,NRD,IPRINT,KTAB,KRAH,VMIN,DELF, FMIN, NSBP, CHIN 
COMMOH/ROTOR/R(50),Z(50),RPM,CH(15),MSECT,MFOIL, IMDEX( 50), DAMP( 30) 

1, ITYPE( 15), ZCOL( 30), DCOL(30),ICBEAM(50,2),NGRIDB,NGRIDC,INDEXC(30) 
COMMON/EIGEN/EIGV(120,3,22),BLOAD(512,37),EVALBE(22),IGLOAD( 22) 
COMMON/SPECT/S< 512, 7) , TRH( 128, 630) 

« DIMENSION n(30),V(30) 
NF=NDIV*NPMAX+1 
NRD=NREV/NDIV 

« KTAB=1000 
C re-order GLOAD vectors on basis of total variance of poner spectra 

DO qi 1=1,NEIG 
V(I)=0. 0 

DO qi M=1,NREV*NPMAX+1 

V(I)=V(I)+TRH(I, M) 

91 U(I)=V(I) 
DO 93 11=1,NEIG 
A=0. 0 

DO 92 1=1,MEIG 
IF( V(I). GT. A) THEN 

J=I 
A=V(I) 

ENDIF 
92 CONTINUE 

IGLOAD(II)=J 
93 V( J)=0.0 
C determine minimum variance 

K=IGLOAD(MEIG) 
VHIN=0.0 

DO 94 M^.NREV'NPMAX+I 
94 VMIN=VMIN+TRH( K, M) 

C calc % of random contribution to each auto spectrum 
HRITEt b,*)•MODE TOTAL-VAR TOT-RAN-VAR %RAN' 

DO 81 11=1, NEIG 
I=IGLOAD(II) 
TOTAL=0.0 
RAN=0.0 
IC=0 

DO 82 M=1,NREV*NPMAX+1 
V( M)=TRH( I, M) 

IC=IC+1 
IF(1C.EQ.NDIV.OR.M.EQ.1) THEN 

IC=0 
ELSE 

RAN=RAN+V(M) 
ENDIF 

82 TOTAL=TOTAL+V(M) 
* HRITEt b,107)I,TOTAL,RAN,RAN/TOTALS 00. 

107 FORMAT(I3,2E10.3,F7.1) 
81 CONTINUE 

* C print out full auto spectra 
CALL PRINT2 
RETURN 

END 
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SUBROUTINE HRITE2 
C 

C write preliminary NASTRAN output and potter spectra for NASTRAN 

CHARACTERS TYPE 

COMMON/ALPHA/TYPE(15),VAR,ISHP(10),IZSET(50),HZSET 
COMMON/GEO/HT, DIA, HMR,MHT,HDIA,NT,NREV,NEIG,NLOOP,HOUT,NSOFT 

1,NPMAX,NDIV,NVECT,HF,NRD,IPRIMT,KTAB,KRAN,VMIN,DELF,FMIN,MSUP,CMIM 
COMMON/ROTOR/R(50),Z(50),RPM,CH(15),NSECT,NPOIL,INDEX(50),DAMP(30) 

1,ITYPE(15),ZCOL(30),DCOLt 30),ICBEAHt 50,2),MGRIDB,HGRIDC,INOEXCC30) 
COMMON/EIGEN/EIGV( 120, 3,22),GLOAD(512,37),EVALHE(22),IGLOAD(22) 
DELF=RPM/bO./NDIV 

C suppression of unwanted modes 
IF(NSOP. GT. 0) CALL HSUP 

C define dummy load 
HRITE(7,100) 

100 FORMATC $',/,'$ DEFINITION OF DUMHY LOAD',/,'$') 
HRITE(7,101)99,99,99,99,2,1,0. 0 

101 FORMATC'RLOAD1 1,218,1bX,18,/,'DAREA ',318,F8.2) 
HRITEt 7,102)99,0. 0, 1. 0, 100. 0, 1. 0 

102 FORMATC TABLED1 ',18,56X,'+TABD100',/,'+TABD100',4F8. 1,' ENDT') 
C frequency response range 

HRITEC7, 111) 
111 FORMATC $',/,'$ FREQUENCY RESPONSE RANGE',/,'$') 

IFdPRINT. EO. 3) THEN 
HRITEt 7,112)101,0.0,DELF^NDIV,NPMAX 

ELSE 

HRITEt 7,112)101, 0. 0,DELF, NF-1 
ENDIF 

112 FORMATC FREQ1 ',18,2F8.5,18) 
C modal (critical) damping 

HRITE(7, 113) 
113 FORMATC $',/,'$ MODAL DAMPING',/,'$') 

HRITEC7,114)101,KTAB 
114 FORMATC TABDMP1 ',18,' CRIT",48X,'+TAB',14) 

I1=-3 
1 11=11+4 

12=11+3 
KTAB=KTAB+1 

IFd2.LE.NEIG) THEN 

HRITE(7,117)KTAB-1,(EVALOE( L), DAMP( L), L=I1, 12), KTAB 

GO TO 1 

ELSEIFtI2-NEIG. EQ. 1) THEN 

HRITEt 7,118)KTAB-1,(EVALUE(L),DAMP( L), L=I1, 11+2) 
ELSEIPtI2-NEIG. EQ. 2) THEN 

BRITE(7,119)KTAB-1,(EVALHE(L),DAMP( L), L=I1, II+1) 
ELSEIF(I2-NEIG. EQ. 3) THEN 

HRITE(7, 120) KTAB-1, EVALUEt ID, DAMPt ID 
ELSE 

HRITE(7,121)KTAB-1 
ENDIF 

117 FORMATt'+TAB',14,8F8. 3, 
' +TAB' ,14) 

118 FORMATC+TAB',14, bF8. 3, 
' ENDT') 

119 PORMATC +TAB',14,4F8.3,' ENDT') 
120 FORMAT('+TAB',14,2F8.3,' ENDT') 
121 FORMAT('+TAB',14,' ENDT') 

RETURN 
END 
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SUBROUTINE HRITE3 
C 

C this routine formulates the auto spectra for NASTRAN input 
CHARACTER SC(256) 
CHARACTERS TYPE 

COMMON/ALPHA/TYPE(15),VAR,ISOP(10),IZSET(50),NZSET 
COMMON/GEO/HT,DIA,HMR,MHT,NOIA,NT,NREV,NEIG,NLOOP,MOUT,NSOFT 

1, NPHAX, NDIV, NVECT, HF,NRD,IPRIMT,KTAB,KRAN,THIN,DELF,FMIM,HSBP,CHIN 
COMMON/EIGEN/EIGV(120,3,22),QLOAD(512,37),EVALHEt 22),IGLOADt 22) 
COMMON/SPECT/S(512,7),TRH(128,b30) 
DIMENSION HORK(256),NC(256) 

C smooth spectra by bracketing 
IF(NRD.GT.I) THEM 

DO 80 1=1,NEIG 
DO 80 M=2,MF 
M1=NRD'lt(H-2)+2 
SUM=0. 

DO qO K=M1, M1+NRD-1 
qo SOM=SBM+TRH(I,K) 
80 TRH(I,M)=SUM 

EMDIF 
C definition of discrete spectral densities 

HRITE(7,103) 
103 FORMAT(•$',/'$ DEFINITION OP DISCRETE PSDS",/,'$•) 

KRAN=1000 
DO 20 11=1,NEIG 
IFdI.EQ.5) HRITE(7,116) 

116 FORMAT(•ECHOOFF') 
J=0 

2 J=J+1 
IFdSUPtJ). EQ. II) THEN 

GO TO 20 
ELSEIFC J.LT.NSUP) THEN 

GO TO 2 

ELSE 
KRAN=KRAN+1 

HRITE(7, 104)101, 11,11,1. 0, KRAN 

104 FORMATt'RANDPS •,318,F8.1,8X,18) 
HRITE(7,105)KRAN,KTAB 

105 FORMATt'TABRND1 ',18,56X,'+TAB',14) 
DO 30 M=1,NF 

30 HORK(M)=TRH(II,M) 
C reformat vector into condensed exponential format (to fit 8-field) 

CALL FORMT( HORK, SC,NC,NF) 
DO 70 J=1,NF/4 
NF1"(J-11*4+1 
HRITE(7,106)KTAB,(DELF^ L-1),HORK(L),SC(L),NC(L),L=NF1, 

1 NF1+3),KTAB+1 
106 FORHATt'+TAB',14,4(F8.3,F6.4,A1,II),'+TAB' ,14) 
70 KTAB=KTAB+1 

NREM=NF-NF1-3 
IF(NREM. EQ. 0) THEN 

RRITE(7. 109) KTAB 

109 FORHATC+TAB',14,' ENDT') 
ELSEIP(NREM.EQ.1) THEN 

HRITEt 7,110)KTAB,DELF^t NF-1),HORK(NP),SC(NF), NC< NF) 

110 FORMATC +TAB',14,F8.3,F6. 4.A1,I1," ENDT') 
ELSEIFtNREM.EQ.2) THEN 

HRITEt 7,111)KTAB,(DELP*(1-1),HORK(I),SC(I),NC(I),I=NP-1, NF) 

111 FORMATC +TAB',14,2(F8.3,F6.4,A1,I1).' ENDT') 
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ELSE 

HRITE(7,112)KTAB,(DELF*(1-1),HORK(I) , SC( I), NC( I), I=NF-2, NF) 

112 FORMATC+TAB', 14, 3(F8. 3, Fb. 4, A1, ID, 
' EMDT') 

EHDIF 
KTAB=KTAB+1 
ENDIF 

20 COMTINUE 

HRITE(7,115) 
115 FORHAT( • ECHOON' ) 

HRITE(7,108) 
108 FORMATC $',/,'$ DEFINITION OF (UPPER TRIANGLE) CROSS SPECTRAL', 

1 • DENSITIES' ,/,'$') 
RETURN 
END 

A/4Z 



SUBROUTINE HRITE4(II.JJ) 
C 

C definition of cross spectral densities 
CHARACTER SC(256) 
CHARACTER*8 TYPE 

COMMON/ALPHA/TYPE(15),VAR,ISUP(10),IZSET(50),NZSET 
COMMON/GEO/HT,DIA,HHR,NHT,NDIA,NT,NREV,NEIG,NLOOP, NOUT, NSOFT 

1,NPMAX,NDIV,NVECT,HP,NRD,IPRIMT,KTAB,KRAN,VMIN,DELF,FHIN,NSBP,CMIN 
COMMON/EIGEN/EIGV( 1 20, 3, 22), GLOADt 51 2, 37), EVALUE( 22), IGLOAD( 22) 
COMMOM/SPECT/S(512,7), TRH( 128, 630) 

* DIMENSION HORK(256),NC(25b) 
C ignore suppressed dots 

DO 1 1=1,HSUP 
» IF(ISnPd). EQ. II. OR. ISUP( I). EQ. JJ) RETURN 

1 CONTINUE 
C smooth spectra by bracketing 

IF(NRD.GT.I) THEN 
DO 80 M=2,NF 
M1=NRD*(M-2)+2 
SUM1=0. 
SUM2=0.0 

DO qo K=M1, M1+NRD-1 
SUM1=SUM1+S(K. 1) 

90 SUM2=SUM2+S( K, 2) 
S(M,1)=SUM1 

80 S(M,2)=SUM2 
ENDIF 

C print out real components ; first +ve then -ve 
DO 62 13=1,2 
A=( -1. O^dS-D 
SUM=0. 0 

DO 50 M=1,NF 
HORK(M)=S(H, D^A 
IF( HORK(M). LT. 0. 0) HORK( H) =0. 0 

SUM=SUM+HORK( H) 

50 CONTINUE 

IF(SUM.GE.VMIN^FMIN) THEN 

KRAN=KRAN+1 

HRITEt 7,109)101,II,JJ, A, KRAN 

109 FORMAT('RANDPS ',318,F8.1,8X,18) 
CALL PRINT(HORK) 

ENDIF 
62 CONTINUE 
C print out imaginary components ; +ve and -ve values 

DO 63 IS=1,2 
A=(-1. 0) ^C IS-1) 
SUM=0.0 

DO 60 M=1, NF 

HORK(M)=S(M,2)*A 
IF(HORK(M).LT.0.0) HORK(M)=0.0 
SUM=SUM+HORK(M) 

60 CONTINUE 
C supress output if variance is too small 

„ IF(SUM.GE. VMIN^PHIN) THEN 

KRAN=KRAN+1 

HRITE(7, 110)101, II, JJ, A, KRAN 

110 FORMAT( • RANDPS •,318,8X,F8.1,18) 
CALL PRINT(HORK) 

ENDIF 
63 CONTINUE 

RETURN 
END 
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EXAMPLE OF AN INPUT FILE FOR PROGRAM TRES4 

$ TRESL.DAT supplies basic data for turbulent response of SML 34m VAMT 
$ 

$ HT DIA HMR RPM VBAR USE DELT ARHO in free format 
1780.0 1320. 1134. 37.5 45.0 0.1b 0.24 0.07bb 
$ 

$ C1X C2X C1Y C2Y ZO DECAY VAR HSOFT FMIH CMIN in free format 
11.87 192. 4.00 70.0 .001 .001 0.300 1 0.25 2. E3 
$ 

$ TURBULENCE SPECTRUM TYPE # free format 
1 

$ 

$ NHT, NDIA,NEIG,NT,NREV,NSECT,NLOOP,NPMAX,NDIV,NOnT,MSUP in free format 
b 4 20 1b 1b q 20 7 4 10 0 

$ 

$ INCLUDE DYNAMIC STALL? "YES" OR "NO ", A3 FORMAT 

YES 
$ INCLUDE COLUMN LOADING? "YES" OR "NO ", A3 FORMAT 

YES 
$ USE A REDUCED ZSET OF BLADE NODES? 

YES 
$ select option (1,2,or 3) for printing of cross spectra (free format) 
1 

$ NSECT(I,TYPE(I), CH( I)) in format (14, A8, F10. 2) 
1NACA0021 48.0 
2NACA0021 48.0 
3MACA0021 48.0 
4NACA0021 48.0 
5SNLA1850 42.0 
6SNLA1850 42.0 
7SNLA1850 42.0 
8SNLA1850 3b.0 
QSNLA1850 36.0 

$ eigenvalue numbers and associated critical damping factors, free format 
$ default value2.00 If no input, enter one dummy line, then end with "$" 

2, 0. 00 
$ 

$ list of eigenvectors to be suppressed (one to a line, free format) 
18 
19 

$ end 
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APPENDIX B. PROGRAM AEROB5 

B.I Documentation 

B.2 Listing (alphabetically by subroutine name) 

B.3 Sample Input File 
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B.1 DOCUMENTATION 

The purpose of this program is to prepare NASTRAN 

DMIG input according to the equations presented in 

Section 3.1 and according to the geometry blade prop¬ 

erties etc. of the particular wind turbine. Some 

documentation is included as comment cards in the listing 
(see B.2) and some additional clarification is given 

be I ow. 

Language^ The program was written for a Microsoft 
FORTRAN 4.01 compiler. However the code should run 

without too many alterations on any FORTRAN compiler 

based on FORTRAN 77. 

lnput_ The program prompts the user for the name of two 

input files. The first is the "input data file name", an 

example of which is included as B.3. The second prompt 

requires the file name containing the NASTRAN bulkdata. 
A third input file is assumed to be AIR2.DAT but this may 

be changed. 

Output. Two output files are created. One, with the 

name DMIG.OUT, contains all of the DMIG cards with a 

header card and appropriate ECHOOFF and ECHOON cards. 
The second is named AEROB.OUT and contains an echo of 

much of the input information. 

Flowchart. A schematic flowchart showing the calling 
relationship of the subroutines is shown in Figure B1. 
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Subroutine READ1. This routine reads in basic data from 

the input file. The meaning and value of the input 

variables can be obtained by examination of the output 

file AEROB.OUT. Included in this input are flags for the 

selection of rotational terms, apparent mass terms and 

whether a reduced ZSET of nodes is to be used. 

The blade may be divided into up to 15 different section 

types (NSECT), corresponding to NASTRAN PBEAM ids 101 

thru 115 and corresponding to different chord values. 

However, for reasons of storage and reality, the number 

of different airfoil types (NFOIL) is limited to five. 
It is, therefore, necessary to associate the section 

types with the correct airfoil type through the ITYPE 

vector. 

Subroutine__ READ2_ This routine reads all necessary 

information from the NASTRAN bulkdata file. This in¬ 

cludes blade grid coordinates, blade beam element numbers 

and associated PBEAM numbers. It is necessary that the 

numbering of grid points and element numbers follow a 

convention: blade no. 1 nodes must begin with 100 and 

run sequentially, and blade elements must also start at 

100 and run sequentially; PBEAM ids must start at 101 and 

be sequent i a I. 

The ZSET is defined by a card which must be inserted into 

the bulkdata file. It must begin with the letters 
"$ZSET" and up to twenty node numbers may then follow in 

ascending order and in 14 format. 

Subroutine^ AIRDATA^ This routine reads in airfoil data 

from file AIR2.DAT. This information is needed only to 

calculate the rate of change of the lift coefficient. 
This value is always close to 6.3. 
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Subroutine _AEROEL organizes the preparation of the 

aeroelastic terms and writes some header lines onto the 

DMIG.OUT file. It consists of three main loops: one for 

the number of blades (assumed to be two), one for the 

number of selected blade grid points, and a third for the 

type of matrix terms (stiffness, damping or mass). At 

each grid point it examines both the "previous" element 

and the "next" element, calculating the respective terms 

and printing them using subroutine PRNT. 

Subroutine MATRIX calculates the values for the three 

basic 6x6 matrices. The element matrices are trans¬ 

ferred to correspond to the global coordinate system and 

corrections are made for blade #2 orientation. 

Subroutine PRNT. This routine organizes the printing of 

the elements of the matrices as DMIG cards. It also 

deletes any elements having both real and imaginary parts 

with magnitudes below a certain value (CMIN). 

Subroutine THEO returns the real and imaginary parts of 

the Theodorsen function which defines the phase of 

certain aeroelastic terms. 
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PROGRAM AEROB5 

HRITE(*,*)' enter input data file name* 

OPEN(1,FILE=' ') 
HRITE(*,*)' enter airfoil data file name' 
OPEN( 2, FILE='AIRS.DAT') 
HRITE(*,*)' enter HASTRAN bulkdata filename' 
OPEM(5,FILE=" ') 
OPEN( b, FILE=' AEROB.OUT') 
OPEH( 4, FILE=' DMIG.OUT') 

* HRITE(b,111) 
111 FORMATC AEROB5. AEROELASTIC TERMS INCLUDING APPARENT MASS AND 

1ALL',/.' ROTATING FRAME EFFECTS. D.J.MALCOLM MAY 88',/, 
• JULY 88 

* 2 : ZSET NODES USED AS APPROXIMATION. CORRECTIONS AUG88 ' ) 

C 

CALL READ1 

CALL READ2 

CALL AIRDATA 
CALL AEROEL 

END 
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SUBROUTINE AEROEL 
C 

C organizes the preparation of aeroelastic stiffness, damping and mass terms 
C as DMIG cards 

CHARACTER'S NAME,TYPE 
COMMON/ALPHA/TYPEt15),ITYPE(15),NZSET 
COMMON/BASIC/RPM,ARHO,MSECT,MFOIL,IROT,IZS,IMASS,AB,CMIM 
COMMOH/BLADE/CH(15),R(50),Z(50),ICBEAMC 50.2),HGRIDB,IZSET(50) 
COMMON/DMIG/SR1 ( b, b),SR2(b,b),SI1(b,b),SI2(b,b) 
COMMOM/AERO/DEL,OMEGA,AIRHO,VR,EL,FLUT 
COMMOM/COL/IHDEXt 50) 
OMEGA=RPM/q.549 
AIRHO=ARHO/38b./1728. 
KTAB=5000 
HRITE( 4, 102) RPH, ARHO,FLUT,AB,CMIH,IROT,IMASS,IZS 

102 FORMAT('$',/,'$ AEROELASTIC TERMS',/,'$ RPM=',F4.1,' ARHO=',F5.4, 
1' FLUT=', F4. 1, 

' 

AB=',P3.1,' CMIN=', F4. 1, 
' IROT=',I1,' IMASS=',I1, 

2' IZS=',I1) 
C loop on 2 blades 

DO 4 K=1,2 
IS=1 
IF(K.EQ.2) IS=-1 
HRITE(4, 103)K 

103 FORMAT( •$',/,'$ BLADE NO' , 12, /,'$') 
C loop on ZSET blade nodes (identical to full set if IZS=0) 

DO 1 L=2,NZSET-1 
C identify current and previous node IDs 

II=IZSET(L)-100+1 
IIM1=IZSET(L-1)-100+1 
IIP1=IZSET(L+1)-100+1 
ID=II+K*100-1 
IDMIsIIMI+K'-IOO-l 
IDP1=IIP1+K*100-1 
IF(L.EQ.3) HRITE(4,100) 

100 FORMAT('ECHOOFF') 
C loop on stiffness, damping & mass terms 

DO 1 JJ=1, 3 

NAME='SOFTHIHG' 

IP(JJ.EQ.2) NAME=' CORIOL' 

IF(JJ.EQ.3) HAME=' APRTHASS" 
C generate terms associated nith preceding element 
C 

C select blade type and airfoil type 
KS=ICBEAM(II,2)-100 
KA=ITYPE(KS) 

C define element slope and length 
DR=R(II)-R(IIM1) 
DZ=Z(II)-Z( HMD 
EL=SQRT(DR*DR+DZ*DZ) 
DEL=ATAM(DR/DZ) 
RMEAM=(R(II)+R(IIM1))/2. 

C define mean relative windspeed 
VR^MEGA^RMEAH 

C basic aero terms 
CALL MATRIX(JJ,KS, KA, IS) 

C prepare and print current-preceding matrix terms 
DO 2 1=1, b 

DO 2 J=1,b 
SR2(I,J)=SR1(I,J)/2. 

2 SI2(I,J)=SI1(I,J)/2. 
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CALL PRNT(SR2,SI2,NAME,IDM1,ID,KTAB) 
C generate terms associated frith next element 

KS=ICBEAM( IIP1, 2) -100 
KA=ITYPE(KS) 

C element length and slope 
DR=R(IIP1)-R(II) 
DZ=2(IIP1)-Z(II) 
EL=SQRT(DR*DR+DZ*DZ) 
DEL=ATAN(DR/DZ) 
RHEAN=(R(IIP1)+R( II)) /2. 

• C relative nindspeed 
VRsOMEGA'-RMEAN 

C basic aero terms 
• 

, 

CALL MATRIK JJ,KS, KA, IS) 
C add terms to current-current matrix; prepare current-next terms 

DO 3 1=1,b 
DO 3 J=1,b 
SR1(I,J)=SR1(I,J)+SR2( I, J) *2. 
SI1(I,J)=SI1(I,J)+SI2(I, J)*2. 
SR2( I, J) =( SR1 (I, J) -2;II!SR2( I, J)) /2. 

3 SI2(I,J)=(SI1(I.J)-2'11SI2(I,J))/2. 
C print current-current terms 

CALL PRNT(SR1,SI1, NAHE, ID, ID, KTAB) 
C print current-next terms 

CALL PRNT(SR2,SI2,NAME, IDP1, ID, KTAB) 
1 COHTINUE 
4 CONTINUE 

HRITE(4,101) 
101 FORMAT('ECHOON") 

RETURN 
END 
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SUBROUTINE AIRDATA 
C 

C reads and stores the required airfoil datasets lith corresponding Reynolds 
C numbers, static stall, and Cdmin. This information is used to calc lift 
C coefficient per radian. As an approximation this routine could be omitted 
C and a value of 2.0*PI used. 

CHARACTER"^ TYPE,AA,NAME 
COMMON/ALPHA/TYPE(15),ITYPE(15), NZSET 

COMMOH/BASIC/RPM,ARHO,NSECT,MPOIL, IROT, IZS, IMASS, AB, CMIH 
COMMON/BLADE/CH( 15),R(50),Z(50),ICBEAM(50,2),NGRIDB,IZSET( 50) 
COMMOH/AIRFOIL/DSET(5,50, 11),RE(5,5), AS( 5, 5), CDMIH( 5, 5), MRE( 5) 
COMHON/STORE/TC( 5), HA(5),DSET1(50,2),ANG(50) 

C 

C loop on no of airfoils. 
DO 9 I=1,NFOIL 

C search for airfoil name 

J1=0 
11 J1=J1+1 

IF(J1. LE. NSECT) THEN 

IF(ITYPE(J1). ME. I) GO TO 11 

NAME=TYPE(J1) 
ELSE 

HRITECb,*)' ERROR IN READAIR' 
STOP 

ENDIF 
10 AHG(1)=0. 

DSETK1, 1)=0. 
IMIT=0 

C read first 8 letters of lines and check for airfoil description 
J=0 

1 READ(2,100)AA 
100 FORMAT(A8) 

IF(AA.EQ.•ENDFILE ') THEN 

REMIND 2 

GO TO 9 

ELSEIF(AA.NE. NAME) THEN 
GO TO 1 

ENDIF 
J=J+1 
NRE(I)=J 

C read Reynolds no., static stall angle, Cdmin, aspect ratio 
READ(2, lODREd, J), AS( I, J), CDMIN( I, J) , TC( I) 

1 01 FORMAT(F10.0,F10.2,2F10.4) 
C read angle of attack, Cl and Cd 

K=0 
4 K=K+1 

READ(2, 102)A,CL,CD 
102 FORMATOF10. 4) 

IF(IHIT.EQ.0.OR.K.EQ.1) THEN 

DSET(I,K,1)=A 
DSET(I,K, 2*J)=CL 
DSETd, K, 2^+1 )=CD 
DSETK1, 2)=CD 

IF(A.GE.180.) THEN 
NA( I)=K 
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IHIT=1 
80 TO 1 

ELSE 
GO TO 4 

ENDIF 
ELSE 

C use ANG and DSETtas buffers for non-initial data sets 
ANQ(K)=A 
DSETKK, 1)=CL 
DSETKK, 2) =CD 

IF(A. LT.180. ) THEN 
GO TO 4 

ELSE 
C interpolate cl and od values to fit initial angle set 

DO 5 KK=2,NA(I) 
K=1 

b K=K+1 

IF( DSET( I, KK,1).LE.ANQ(K)) THEM 

G=(DSET(I,KK,1)-ANG(K-1))/(ANG(K)-AMG(K-1)) 
DSET(I,KK,2*J)=(1.-G)*DSET1(K-1,1)+G*DSET1(K, 1) 
DSET( I, KK, 2*J+1) =( 1. -G) *DSET1 ( K-1, 2) +G"'DSET1 ( K, 2) 

ELSE 

IF(ANG(K).GE. 180. ) HRITEt b, 103) I, J, K. KK, AMG( K), DSETt I, KK, 1) 

IF( AHG(K). GE. 180. ) STOP 
GO TO 6 

ENDIF 
5 CONTINUE 

ENDIF 
ENDIF 
GO TO 1 

q CONTINUE 

103 FORHATC I J K KK ANG(K) DSET(I,KK,1) • 

,414,2E10. 3) 
RETURN 
END 
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SUBROUTINE DECMP( E,SE, HE, HM) 
C decomposes vector E into exponential form 

CHARACTER SE( b) 
DIMENSION E(6), NEC b) 
DO 50 1=1, MM 

ME(I)=0 
SE(I)=" +' 

IF(ABS(E(D). EQ. 0. ) GO TO 50 
IF( ABS(E(D). LT. 1. 0) GO TO 20 
SE(I)=' +' 

10 COHTIMUE 
HE( I)=HE(I)+1 
E(I)=E(I)/10 
IF(ABS(E(D). GT. 1.0) GO TO 10 
GO TO 50 

20 CONTINUE 
SE( 1)=' -' 

30 CONTINUE 

NE(I)=HE(I)+1 
E(I)=E(I)*10 
IF(ABS(E(D). LT. 1. 0) GO TO 30 
NE( I)=NE(I)-1 
E(I)=E(I)/10 
IF(NE(I). LE.9) GO TO 50 
NE(I)=0 
E(I)=0. 

50 CONTINUE 
RETURN 

END 
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SUBROBTINE INPUT(J) 
C reads from unit J, checks for initial $ sign 

CHARACTER AA 

1 READ(J,100)AA 
100 FORMAT(A-l) 

IF(AA. EQ. 
' $' ) 00 TO 1 

9 BACKSPACE J 

RETURN 
END 
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SUBROUTINE MATRIXtJJ,KS,KA,IS) 
C 

C formulates the basic bxb matrices 
COMMON/BASIC/RPM,ARHO,MSECT,NFOIL,IROT, IZS, IMASS, AB, CHIN 
COMMON/DMIG/SRK b,6),SR2(b,6),SI1(b,6),SI2(b,b) 
COMMON/AERO/DEL,OMEGA,AIRHO, VR, EL, FLUT 

COMMOH/BLADE/CH(15),R(50),Z(50),ICBEAM(50,2),M6RIDB, IZSET( 50) 
COMMON/AIRFOIL/DSET(5,50,11),RE(5,5),AS(5,5),CDMIN(5,5),HRE(5) 
DIMENSION XR(b),XI(b), RR( b, b) 

C zero matrices 
DO 1 1=1,b 

DO 1 J=1,b 
SRKI, J)=0. 0 

1 SI1(I,J)=0.0 
C basic parameter values 

C=COS(DEL) 
S=SIN(DEL) 
B=CH(KS)/2. 
D1=B*(AB+.5) 
D2=B'>;(AB-. 5) 
H=OMEGA*IROT 
BB=B;11SB*H*H/2. /VR/VR 

C calc Theodorsen function (real and imaginary) 
CALL THEO(CR,CI,CH(KS)) 

C basic matrix for stiffness terms 
IF(JJ.EQ.-l) THEN 

C real part 
SRKI, ^)=C*C*BB/B 
SR1(1,2)=CR*H'11C/VR 
SR1d,3)=C*S*BB/B 
SRK1, 4) =-C*S*AB*BB 
SR1(1,5)=B*H*S/2. /VR^CR^d. -2'ltAB)+1. ) 

SR1 ( 1, b) =+CR-AB*S'liS*BB 
SR1(b,1)=-AB*BB*C'>!C 
SRI(b,2)=-D1*CR*W*C/VR 
SRKb, 3)=-HB*BB*C*S 
SRI(b,4)=-(AB*AB+. 125) *BB*B*C*S 
SRI ( b, 5) "-B^Il^S^. /VR*( CR'"'( 1. -2. "'AB) *D1 +D2) 
SRI ( b, b) =-( AB*AB+. 1 25) '^BB^B'-S^S+CR'-DI 

C imaginary part 
SI1( 1, 2)=CI*H'liC/VR 
SIK 1,5)=B*H/2. /VR*S*CI*(1. -2. '-AB) 

Slid, b)=+CI 
SIKb, 2)=-D1*CI*^^'11C/VR 
SI1 ( b, 5) ^B^ft^S^. /VR*CI*( 1. -2. *AB) *D1 

SIKb, b)=CI*D1 
C damping matrix terms 

ELSEIFCJJ. EQ. 2) THEN 

SRK1,1)=-CR/VR 
SR1(1,2)=B*H*C/VR/VR 
SRI ( 1, 5) =-AB'I!B:I>•B*H*S/VR/VR 
SRK 1,b)=-B/2. /VR^tCR^d. -2. *AB)+1. ) 

SRKb, 1)=D1'ltCR/VR 
SRK b, 2) =-AB*B'"B*H*C/VR/TR 
SR1 ( b, 5) =-( AB*AB+. 1 25) AB**3'llR*S/VR/VR 
SR1 ( b, b) =B/2. /VR*( CR*( 1. -2'1!AB) *D1 +D2) 

SIK1, 1)=-CI/VR 
SIK1,b)=-B/2. /VR*CI*d. -2. *AB) 

SIKb, 1)=D1:*•CI/VR 

SIKb, b)=B/2. /VR*CI*( 1. -2. ^AB) *D1 
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C mass matrix terms (matrix is entirely real) 
ELSEIF(JJ. EQ. 3) THEN 

SRK1,1)=-B/2. /VR/VR*IMASS 
SRI ( 1, 6) =AB'>iB*B/2. /VR/VR^IMASS 
SR1 (6,1) =&1B*B*B/2. /VR/VR^IMASS 
SRI(b,6)=(AB*AB+.125)*B**3/2. /VR/VR^IMASS 

EHDIP 
C calc Cl-angle relationship 

AL=( DSET( KA, 2, 2) -DSET( KA, 1, 2)) /( DSET( KA, 2, 1) -DSET( KA, 1. 1)) *57. 3 
C combine irith element length, chord, air density 

« AL='AL*B*AIRHO:I>[EL*VR*VR/3. 
C prepare orientation transformation 

DO 2 1=1,6 
* DO 2 J=1, 6 

2 RR(I,J)=0.0 
RR(1, 1)=C*IS 
RR(1, 3)=S;lltIS 

RR(2, 2)=1. *IS 
RR(3,1)=-S 
RR( 3, 3)=C 
RR(4,4)=C*IS 
RR(4, b)=S*IS 
RR(5,5)=1. *1S 
RR(b,4) =-S 
RR(b,b)=C 

C calc X=SxR(T) 
DO 4 1=1, b 

DO b J=1,b 
XR(J)=0. 
XI(J)=0. 

DO b K=1,b 
XR(J)=XR(J)+SR1(I,K)*RR(J, K) 

b XI( J) =XI( J) +SI1 ( I, K)*RR(J,K) 
DO 4 J=1,b 
SR1 (I, J)=XR(J) 

4 SIKI,J)=XI(J) 
C calc S=RxX x common parameters 

DO 5 J=1,b 
DO 7 1=1, b 

XR( D=0. 
XI(I)=0. 

DO 7 K=1,b 
XR(I)=XR(I)+SR1(K,J)*RR(I,K) 

7 XKl^XKD+SIKK.J^RRd.K) 
C introduce -ve sign to convert from RHS to LHS of equations 

DO 5 1=1, b 

SRK I, J)=-XR(I)'ltAL 
5 SI1(I,J)=-XI(I)*AL 

RETURN 
END 

bis. 



SUBROUTINE PRNT(AR,AI,NAME,ID1,ID2,KTAB) 
C 

C prints DMIG cards (real and imaginary parts) 
CHARACTER SCR(b),SCKb) 
CHARACTERS NAME 

COMMON/BASIC/RPM,ARHO,NSECT,NPOIL,IROT, IZS, IMASS, AB, CMIH 
DIMENSION ARC b, 6),AI(b, b),VR(b),VI(b),IC(b),NCR( b) , NCK b) 

C loop on columns 
DO 1 J=1,b 

C check for terms above minimum and reorganize 
N1=0 

DO 2 1=1,b 
IF(ABS( ARC I, J)). GE.CMIH.OR.ABS(Alt I,J)).QE.CMIH) THEN 

NI=NI+1 
VR(HI)=AR( I, J) 

VI( NI)=AI(I, J) 

IC(NI)=I 
ENDIF 

2 CONTINUE 
C reformat output in exponential form 

CALL DECMP(VR,SCR, NCR, N1) 
CALL DECMP(VI,SCI, NCI, N1) 

C Krite NASTRAN DMIG cards 
IF(NI.GE.I) THEN 

IF(NI.EQ.I) THEN 

HRITE(4, 100) NAME, ID1,J, ID2, IC(1), VR( 1) , SCR( 1) , 
NCR( 1), VK 1) , 

1 SCK 1), NCK 1) 

100 PORMATC DMIG ',A8,218,8X,218,2(Fb.4,AI,II)) 
ELSE 

KTAB=KTAB+1 

KRITEt 4, 101) NAME,ID1,J,ID2,IC(1),VR(1),SCR(1),NCR(1), VK 1), 
1 SCK1),NCK1),KTAB 

101 FORMATCDMIG • 

, A8, 218, 8X, 218, 2( Fb. 4. AI, II), 
' +TAB' , 14) 

ENDIF 
C continuation cards 

11=2 
3 IF(NI-II.GE. 2) THEN 

HRITEt 4,102)KTAB,(ID2,IC(L),VR(L),SCR(L),NCR(L),VI( L),SCK L) 

1 ,NCKL),L=II,11+1), KTAB+1 

102 FORMATC +TAB' , 14, 2( 218, 2( Fb. 4,A1, ID),' +TAB' ,14) 
11=11+2 
KTAB=KTAB+1 
SO TO 3 

ELSEIF(NI-II. EQ. 1) THEM 

HRITEt 4,103)KTAB,(ID2,IC(L),VR(L),SCR(L),HCR(L),VK L),SCK L) 
1 , NCK L),L=II, 11+1) 

103 FORMATC +TAB',14,2(218,2(Ffa.4,A1,I1))) 
ELSEIFtNI-II. EQ.O) THEN 

HRITE(4,104)KTAB,(ID2.IC(L),VR(L),SCR(L),NCR( L) ,VK L), SCK L) 

1 , NCKL),L=II,II) 
104 FORMATC +TAB' , 14, 218, 2( Fb. 4.A1, ID) 

ENDIP 
ENDIF 

1 CONTINUE 
RETURN 

END 
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SUBROUTINE READ1 
C 

C reads in some basic data from unit #1 and nrites to unit #6 
CHARACTER*3 BB,AROT,AMASS, AZS 
CHARACTERS TYPE 

COMMOH/BASIC/RPM,ARHO,MSECT,NFOIL,IROT, IZS.IMASS,AB,CMIN 
COMMON/ALPHA/TYPEd5) , ITYPE( 15) , NZSET 

COMMON/BLADE/CHt15),R(50),Z(50),ICBEAM(50,2),MGRIDB,IZSET(50) 
COMMON/AERO/DEL,OMEGA,AIRHO, VR, EL, FLUT 
CALL IHPBT(I) 
READ(1,*)RPM,ARHO, FLUT, AB, CMIN, MSECT 

CALL INPUTd) 
READd, 100) AROT 

100 FORMAT(A3) 

IROT=0 
IF(AROT.EQ. •YES' ) IROT=1 
CALL INPUTd) 
READd, 100) AMASS 

IMASS=0 
IF(AMASS.EQ. ' YES' ) IMASS=1 
CALL INPUTt1) 
READd, 100) AZS 

IZS=0 
IF(AZS.EQ.'YES") IZS=1 
RRITE(b,109)RPM,RPM/9. 549 
HRITE(b, 112) ARHO 

HRITE(b,113)FLUT 
HRITE(b, 114)AB 
HRITE(b,115)AROT 
HRITE(b,lib)AMASS 
HRITE(b,143)AZS 
»»RITE(b,117)CMIH 

109 PORMATC ROTOR SPEED =',Fb.1,' RPM =',F5.3,' RAD/S* 

1) 
112 FORMATC AIR DENSITY =',Fb.4,' LB/FT3') 
113 FORMATC FLUTTER FREQUEHCY =',Fb.3,' HZ') 
114 FORMATC C OF THIST TO MID CHORD »',Fb.3,' *CHORD/2') 
115 FORMATC ROTATIONAL TERMS IHCLUDED ' 

, A3) 

lib FORMATC APPARENT MASS INCLUDED '.A3) 
117 FORMATC MIN VALUE IN OUTPUT =',Fb.1) 
143 FORMATC ZSET USED? ' ,A3) 
C read data on airfoil names,chords 

CALL INPUTd) 
HRITE(b,105) 

105 FORMAT(/,'SECTION* FOIL* FOIL-TYPE CHORD(IN) ') 
K-0 

DO 2 I»1,NSECT 
READt1,138)11,TYPEtI),CH(I) 

138 FORMAT(I4, A8, F10. 2) 

J=0 
5 J»J*1 

IF(J.LT.I) THEN 

IF(TYPE(I).NE.TYPE(J)) 00 TO 5 

ITYPE(I)=ITYPE(J) 
ELSE 

K-K+1 
ITYPE(I)«*K 

ENDIF 
2 CONTINUE 

NFOIL=K 

HRITE(b.137)(I,ITYPE(I),TYPE(I),CH(I),1=1,NSECT) 
137 FORMATt 2Ib,2X,A8,F8.2) 

RETURN 515. 
Run 



SUBROUTINE READ2 
C 

C reads required HASTRAN data and urites to unit #b 

CHARACTERS TYPE 

CHARACTER^ BB 

CHARACTER*4 AA 

COMMOH/BASIC/RPM, ARHO, HSECT.NFOIL,IROT.IZS,IMASS,AB,CMIH 
COMMON/ALPHA/TYPE(15),ITYPEt15),NZSET 
COMMON/BLADE/CHt15),R(50),Z(50),ICBEAM(50,2),NGRIDB,IZSET(50) 
COMMON/COL/INDEX(50) 
HGRIDB=0 
NCBEAM=0 

1 READ(5,100)AA 
100 FORMAT(A4,3A8) 

IF( AA. EQ. 
• GRID' ) THEN 

BACKSPACE 5 

READ(5, 101)11, RR,ZZ 
101 FORMATt 8X,18,8X,F8. 2,8X,F8. 2) 

IF(II.GE.100.AND.II.LT.200) THEN 
C blade #1 coordinates 

NGRIDB=NGRIDB+1 

INDEX(NGRIDB)=II 
R(NGRIDB)=RR 
Z(NGRIDB)=ZZ 

ENDIF 
ELSEIP(AA.EQ. ' CBEA' ) THEN 

BACKSPACE 5 

READ(5, 102)IB,IP 
102 FORMAT(8X,2I8) 

IF(IB.GE.100.AND. IB. LT. 200) THEN 
C blade #1 elements 

HCBEAM=MCBEAM+1 

ICBEAM(NCBEAM,1)=IB 
ICBEAM(NCBEAM,2)=IP 

ENDIF 
C read ZSET nodes for blade #1 

ELSEIFt AA. EQ. '$ZSE') THEN 
BACKSPACE 5 

READ(5, 107)(IZSET(I), 1=1,20) 
107 FORHAT(5X, 2014) 

NZSET=0 
2 NZSET=NZSET+1 

IF(IZSETt NZSET+1). GT. 0) THEN 
GO TO 2 

ENDIF 
ENDIF 
IF( AA. NE. 'ENDD') GO TO 1 

WRITE(b,1 Ob) NGRIDB 
10b FORMATC/,' ft OF NODES ON BLADE =',Ib) 
C if ZSET not used then replace with complete set of blade nodes 

IF(IZS.EQ.0) THEN 
NZSET=NGRIDB 

DO 5 1=1,NGRIDB 
5 I2SET(I)=I+100-1 

ELSE 

HRITE(b, 108)(IZSET(I),I=1, NZSET) 
108 FORMAT(/,' ZSET=",2014) 

ENDIF 
RETURN 
END 

61&. 



SUBROUTINE THEO(CR,CI,CH) 
C calcs the real and imaginary parts of the current Theodorsen function 
C (see Lobitz+AshKill paper - with sign correction) 

COMHON/AERO/DEL,OMEGA,AIRHO,VR,EL,FLUT 
A1=0.165 
A2=0.0455 
A3=0.335 
B=CH/2. 
AK=FLUT*b. 283'>;B/VR 
C1=AKAAK+A2*A2 

* C2=AK*AK+0. 09 
CR=1.-A1*AK'"AK/C1 - A3*AK*AK/C2 
CI=-A1*A2*AK/C1 - A3*0.3*AK/C2 

• RETURN 
END 

&n. 



EXAMPLE OF AM INPUT FILE FOR PROGRAM AEROB5 

$ AEROBSL.DAT data for SML SUM ROTOR . 
AEROB program. 

$ RPM ARHO PLOT AB CMIH MSECT (free format) 
37.5 0.0766 4.0 -.2 0.1 q 

$ rotational terms included? (A3 format) 
YES 
$ apparent mass terms included? (A3 format) 
NO 

$ ZSET used? "YES/NO" free format 
YES 
$ I ,TYPE(I). CH(I) in format (14, A8, F10. 2) 

1NACA0021 48.0 
2HACA0021 48.0 
3HACA0021 48.0 
4NACA0021 48.0 
5SNLA1850 42.0 
6SHLA1850 42.0 
7SNLA1850 42.0 
8SNLA1850 36.0 
9SNLA1850 36. 0 

b<6. 



APPENDIX C 

LISTING OF NASTRAN BULKDATA FOR SNL 34-M 



BEGIN BUL 
$ D MALCOJ 

$ PBEAM S 

$ COLUMN i 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 
CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 
CBEAM 

CBEAM 

$ BLADE 1 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

CBEAM 

K 

LM VERSION 
TRESS RECC 

COMNECTIOM 
1 

2 

3 

4 

5 

b 

7 

8 

9 

10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

22 
23 
24 
25 

COMHECTIC 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 

I OF ATES 

IVERY MOB 

fS 

10 
10 
10 
20 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
40 
50 
50 

IMS 

60 
101 
101 

102 
103 
103 
103 
103 
104 
105 
106 
106 
106 
106 
106 
107 
108 
109 
109 
109 
109 
109 
109 
109 
109 
109 
109 
108 
107 

IT.DAT. M 

HFIED 18 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

22 
23 
24 
25 

24 
100 
101 

102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 

122 
123 
124 
125 
126 
127 

iODIFIED 
MARCH I 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

22 
23 
24 
25 
26 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 

TO 

?8. 

1. 
1. 

1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 

1. 
1. 
1. 
1. 

1. 
1. 
1. 
1. 

1. 
1. 
1. 
1. 
1. 

1. 
1. 

1. 
1. 
1. 

1. 
1. 
1. 

1. 
1. 

1. 

1. 
1. 

1. 

1. 
1. 

1. 

1. 

1. 

1. 
1. 
1. 

1. 
1. 

1. 
1. 
1. 
1. 
1. 
1. 

1. 

"11-1 
LOCA1 

00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 

00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 

?7 Mi 

- CO 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

0. 
0. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

ODEL' 
ORDS 

00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 

• MA 

MOD 

1. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

RCH-88 
IPIED 

00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 
00 

C.I • 
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CBEAM 239 103 
CBEAM 240 102 
CBEAM 241 101 
CBEAM 242 101 
CBEAM 243 60 
$ BLADE 2 STRUTS 
CBEAM 2000 250 
CBEAM 2001 2b0 
CBEAM 2002 250 
CBEAM 2003 2b0 
$ LOWER RESTRAINTS 
GRID 15000 
CELAS2 10000.300E+07 
CELAS2 10001.300E+07 
CELAS2 10002.200E+08 
CDAMP2 9000 1. OE07 
$ UPPER RESTRAINTS 
GRID 15003 
CELAS2 10003.480E+05 
CELAS2 10004.480E+05 
$ CONCENTRATED MASSES 

CONM2 5000 2 

CONM2 5001 4 

CONM2 5002 11 

CONM2 5003 17 
COMM2 5004 23 
CONM2 5005 26 
CONM2 5006 101 
CONM2 5007 141 
CONM2 5008 201 
CONM2 5009 241 
$ 

EIGR 21 MGIV 
+BC MAX 

EIQC,11,HESS,MAX,,,,,,+EIGC1 
+EISC1,0. , 10. 7,0. ,13. 2,3. , 

$ 

FORCE,103, 26,0,.320E+06, 
GRAV 101 
LOAD, 100, 1. ,1.,101,1.,102, 
RFORCE 102 
$ COLUMN POINTS 
GRID 1 

GRID 2 

GRID 3 

GRID 4 

GRID 5 

GRID 6 

GRID 7 

GRID 8 

GRID 9 

GRID 10 
GRID 11 

GRID 12 
GRID 13 
GRID 14 
GRID 15 
GRID 16 
GRID 17 
GRID 18 

2000 

2001 

1. 

1768.98 123456 

6100.00 
10084.00 

2910.00 
2910.00 
9200.00 

25300.00 

1,12 

0., 
386.40 
1., 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

238 
239 
240 
241 
242 

23 

5 

000 
1 

1 

1 

1 

26 
26 

0..-1. 

103 

000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 

239 
240 
241 
242 

4 

2000 
202 

2001 
240 

0. 000 
1 

2 

6 

6 

1 

2 

459.00 
856.00 
459.00 
856.00 

0. 0 

0.625 

0. 000 
0.000 
0.000 
0.000 
0. 000 

0.000 
0. 000 

0.000 
0. 000 
0. 000 
0. 000 

0. 000 
0. 000 
0.000 
0. 000 

0. 0001067.660 
0.0001150. 990 
0.0001234. 320 

-1. 00 -. 00 0. 00 

-1. 00 -. 00 0. 00 

-1. 00 -. 00 0. 00 

-1. 00 -. 00 0. 00 

-1.00 -.00 1. 00 

-1.00 -.00 1.00 
-1.00 -.00 1.00 
-1.00 -.00 -1.00 
-1.00 -.00 -1.00 

0.000 123456 
15000 1 

15000 2 

15000 6 

15000 6 

15003 1 

15003 2 

22 

0.0 -1.0 

0.0 0.0 1.0 

0. 000 3 

33.667 
67.333 

101.000 
151.000 
234.332 
317.665 
400.997 
484.329 
567.662 
650.994 
734.327 
817.659 
900.991 
984.324 
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GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
$ BLADE 1 

GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
$ BLADE 1 

GRID 
GRID 
$ BLADE 2 

GRID 
GRID 
GRID 
GRID 

19 
20 
21 

22 
23 
24 
25 
26 

POINTS 
100 
101 
102 
103 
104 
105 
10b 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
12b 
127 
128 
129 
130 
131 

132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 

STRUTS 

1000 
1001 

GRID POINTS 
200 
201 
202 
203 

0.000 
0.000 
0. 000 

0. 000 

0. 000 

0. 000 
0. 000 

0. 000 

36.000 
69.762 

103.524 
135.678 
189.519 
243.360 
297.201 
351.042 
375.158 
396.961 
431. 132 

463.908 
495.236 
525.063 
553.340 
570.536 
584.366 
611.392 
632.674 
648. 016 
657.278 
660.375 
656.320 
644.205 
624.175 
596.470 
561.424 
545.786 
526.981 
496.172 
463.897 
430.208 
395.161 
358.814 
335.678 
310. 518 
267.887 
225.257 
182.626 
139.995 
106.448 
71.224 
36.000 

60.000 
60.000 

-36.000 
-69.762 

-103.524 
-135.678 

0. 0001317. 650 
0.0001400. 990 
0.0001484. 320 
0.0001567. 650 
0.0001650. 980 
0.0001700. 980 
0.0001734. 980 
0.0001768. 980 

0. 0001700. 980 
0.0001676. 000 
0.0001651. 010 
0.0001627.220 
0.0001587.380 
0.0001547.540 
0.0001507.700 
0.0001467.860 
0.0001450.020 
0.0001429.410 
0.0001395. 770 

0.0001360.780 
0.0001324.480 
0.0001286.940 
0.0001248.210 
0.0001223. 630 
0.0001197.010 
0.0001138. 270 
0.0001077.210 
0. 0001014. 400 
0.000 950.410 
0.000 885.826 
0.000 811.952 
0. 000 738.966 
0. 000 667.744 
0. 000 599.142 
0. 000 533.985 
0. 000 508.382 
0. 000 485.008 
0. 000 448. 271 

0. 000 412.815 
0. 000 378.699 
0. 000 345.980 
0.000 314.712 
0. 000 295.613 
0. 000 279.274 
0.000 251.590 
0. 000 223.905 
0.000 196.220 
0.000 168.535 
0.000 146.750 
0.000 123.875 
0.000 101.000 

0.0001650.980 
0.000 151.000 

-.0001700.980 
-.0001676.000 
-.0001651.010 
-.0001627. 220 
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GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
GRID 
$ BLADE 2 

GRID 
GRID 
$ MATERIAL 
MAT1 

MAT1 

$ 

PBEAM 

+ESP0001 
+PBE1001 
PBEAM 

+ESP0002 
+PBE1002 
PBEAM 

+ESP0003 
+PBE1003 
PBEAM 

+ESP0004 
+PBE1004 
PBEAM 

+ESP0005 

204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 

STRUTS 

2000 
2001 

PROPERTIES 

10.290E+08. 
20.100E+08. 

10 10. 

16.000 0.000 
YESA 1.0 

20 10. 
32.500 0.000 

YESA 1.0 
30 20. 

60.000 0. 000 
YESA 1.0 

40 10. 
32.500 0.000 

YESA 1.0 
50 10. 

16.000 0.000 

-189.519 
-243.360 
-297.201 
-351.042 
-375.158 
-396.961 
-431.132 
-463.908 
-495.236 
-525.063 
-553.340 
-570.536 
-584.366 
-611.392 
-632.674 
-648.016 
-657.278 
-660.375 
-656.320 
-644.205 
-624.175 
-596.470 
-561.424 
-545.786 
-526.981 
-496.172 
-463.897 
-430.208 
-395.161 
-358.814 
-335.678 
-310.518 
-267.887 
-225.257 
-182.626 
-139.995 
-106.448 
-71.224 
-36.000 

-60.000 
-60.000 

110E+08 
400E+07 

352E+03. 
-16.000 

491E+03. 

-32.500 

188E+03. 
-60.000 

491E+03. 
-32.500 

352E+03. 
-16.000 

0001587. 380 
0001547. 540 
0001507.700 
0001467.860 
0001450.020 
0001429.410 
0001395. 770 
0001360.780 
0001324. 480 
0001286. 940 
0001248. 210 
0001223. 630 
0001197. 010 
0001138.270 
0001077.210 
0001014. 400 
000 950.410 
000 885.826 

,000 811.952 
000 738.966 

. 000 667.744 

.000 599.142 

.000 533.985 

.000 508.382 
, 000 485. 008 
, 000 448.271 
.000 412.815 
,000 378.699 
,000 345.980 
.000 314.712 
.000 295.613 
.000 279.274 
.000 251.590 
.000 223.905 
.000 196.220 
.000 168.535 
.000 146.750 
.000 123.875 
.000 101.000 

.0001650.980 

.000 151.000 

.284E+00 

.978E-01 

352E+05. 
0. 000 

240E+06. 
0. 000 

335E+06. 
0. 000 

240E+06. 
0. 000 

352E+05. 
0. 000 

352E+05 

0. 000 

240E+06 
0.000 

335E+06 

0. 000 

240E+06 
0. 000 

352E+05 
0. 000 

.704E+05 +ESP0001 

-16.000 0.000 16. 000+PBE1001 

.480E+06 +ESP0002 

-32.500 0.000 32. 500+PBE1002 

.670E+06 +ESP0003 

-60.000 0.000 60. 000+PBE1003 

.480E+06 +ESP0004 

-32.500 0.000 32. 500+PBE1004 

.704E+05 +ESP0005 

-16.000 0.000 16. 000+PBE1005 
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1.0 +PBE1005 
PBEAM 

PBEAM 

+ESP0007 
+PBE1007 
PBEAM 

+ESP0008 
+PBE1008 
PBEAM 

+ESP0009 
+PBE1009 
+PBE1091 
+PBE1092 
+PBE1093 
PBEAM 

+ESP0010 
+PBE1010 
PBEAM 

+ESP0011 
+PBE1011 
PBEAM 

+ESP0012 
+PBE1012 
+PBE1121 
+PBE1122 
+PBE1123 
PBEAM 

+ESP0013 
+PBE1013 
PBEAH 

+ESP001 4 

+PBE1014 
PBEAM 

+ESP0015 
+PBE1015 
+PBE1151 
PBEAM 

PBEAM 

+ESP002b 
+PBE102b 

VESA 

60 
101 

5. 145 
YESA 

102 
5. 040 

YESA 

103 

5.040 
YESA 
YESA 

YESA 
YESA 

104 

5. 145 
YESA 

105 

3. 870 
YESA 

10b 

3.780 
YESA 
YESA 
YESA 
YESA 

107 
3. 870 

YESA 

108 

3.330 
YESA 

109 

3. 240 
YESA 
YESA 

250 
260 

1. 050 
YESA 

10.100E+02.400E+05. 800E+05 
20.200E+03.400E+05. 400E+05 

0.000 -5.145 0.000 0.000 
1.0 

.400E+05 

.100E+05 
-22.900 0.000 

+ESP0007 
26.100+PBE1007 

11.30+ESP0008 
25.500+PBE1008 

0.92+ESP0009 
-25.700+PBE1009 

+PBE1091 
+PBE1092 
+PBE1093 

3.81+ESP0010 
26.600+PBE1010 

3.50+ESP0011 
22.800+PBE1011 

0.82+ESP0012 
-21.800+PBE1012 

+PBE1121 
+PBE1122 
+PBE1123 

2.65+ESP0013 
22.800+PBE1013 

2.17+ESP0014 
19.600+PBE1014 

0.44+ESP0015 
-18.600+PBE1015 

+PBE1151 

20.100E+03.100E+04. 200E+05 
0.000 -5.040 0.000 0.000 -22.500 

1. 0 

.200E+04 
0. 000 

20.574E+02.583E+03. 945E+04 
7.100 -5.040 7.100 -0.737 

0. 25 

0. 50 
0. 75 

1. 00 

.143E+04 
21.700 -0.250 

20.847E+02.884E+03.150E+05 .220E+04 
0.000 -5.145 0.000 0.000 -22.400 0.000 

1. 0 

20.564E+02.321E+03.732E+04 .830E+03 
0. 000 -3. 870 0.000 0.000 -20.200 0.000 

1. 0 

20.327E+02.184E+03. 398E+04 
2.100 -3.780 2.100 -0.375 

0. 25 

0. 40 

.478E+03 
19.400 -0.188 

0.75 
1. 00 

20.564E+02.321E+03.732E+04 .830E+03 
0.000 -3.870 0.000 0.000 -20.200 0,000 

1. 0 

20.462E+02.195E+03.446E+04 
0. 000 -3.330 0.000 0. 000 

1.0 

.509E+03 
17.400 0.000 

.296E+03 
16.700 -.2510 

20.260E+02.112E+03. 236E+04 
1.600 -3.240 1,600 -0.375 

0.5 
1. 0 

10.100E+02.252E+06.504E+06 
10. 450E+02.200E+04.200E+05 

.252E+06 

. 200E+04 +ESP0026 
21.000+PBE1026 -1.050 0.000 0.000-21.000 0.000 0. 000 

1. 0 

$ MASTER DEGREES OF FREEDOM FOR EIGENVALUE EXTRACTION 

$ASET1,12,5,9,14,19,23,26 
$ASET1,123,108,115,121,127,134 
$ASET1,123.208,215,221,227,234 
$ 
$ REDUCED SET FOR AERODYNAMIC CALCULATIONS (TRES4) 
$ZSET 102 105 108 111 113 115 117 119 120 121 122 123 125 127 129 131 134 137 140 
$ REDUCED SET FOR AEROELASTIC CALCULATIONS (AEROB5) 
$ZSET 102 105 108 111 115 118 121 124 127 131 134 137 140 
$ 
PARAM HTMASS .002588 
PARAH MAXRATIO 9.E12 
$PARAM,LMODES,22 
$PARAM,DDRMM,-1 
$PARAM,Q,0. 04 
$PARAM,MODACC,+1 

ROTATING FRAME EFFECTS $ 
$ 
PARAM OMEGA 

DMI 

ROTATING 

SKEH 

FRAME Ef 

3. 

•FECT, 

9270 
0 

Cfr. 



DMI SKEH 2 1 -1.00 
DMI SKEH 1 2 1.00 
DMI SYM 

0610 66 DMI SYM 1 1 1.00 
DMI SYM 2 2 1.00 
DMIG SOFTMIMG 

0130 DMIG SOFTHIMG 41 41 .1E-Oq 
DMIG CORIOL 

0130 DMIG CORIOL 41 42 .1E-09 
DMIG CORIOL 42 41 1E-09 
$ 

EMDDATA 

C7. 



APPENDIX D 

MODES OF VIBRATION OF STATIONARY SNL 34-M ROTOR 

D 



SNL54m REAL MODES ORPM 

MODEttI IP FREO=0.22 Hz MODE#2 1 PA PREQ=1.05 Hz MODE#3 1 PS FREQ=1.05 Hz 

>^^- -^f 

MODEtt4 1B FREO=1.70 Hz MODEtt5 2PA FREQ=2. 05 Hz MODE#6 2FS FRE(.|=2.12 Hz 

MODEtt? 1TI FREQ-2.41 Hz MODEttS 1TO FREO-2.54 Ha MODEtt9 3FA PREQ-3.54 Hz 

£>-0 

MODEftIO 2P FREQ-3.45 Hz MODEttll 3FS FREO-3.47 Hz MODEtt12 3P PREQ-3.80 Hz 

Dl 



^yif^SSai-s^) 

MODE#13 2B FREQ=3.82 Hz MODE4M4 2TI FREO=4.16 Hz MODEft15 2TO PREQ=4.42 Hz 

MODE^16 4PS PREQ=5.11 Hz MODEftI? 4FA PREQ=5.22 Hz MODE#18 5PA FREO=7.59 Hz 

&e><^ 

MODE4M9 5FS PREQ=7.63 Hz MODEtt20 3B FREQ=7.76 Hz MODE#21 4P PREO=11.02 Hz 

MODEtt22 6FS FREO=11.39 Hz 

I>2. 
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